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ABSTRACT 
 
In this thesis, we studied the function of the Amt/Rh family of proteins and of 
the SecY/Sec61 translocons using computational methods. The Amt/Rh proteins 
mediate transport of ammonium across the lipid bilayer. SecY and Sec61 
translocons facilitate the insertion of membrane proteins or translocation of 
secreted proteins in prokaryotes and eukaryotes, respectively. We investigated on 
the molecular details of ammonium transport in E.Coli AmtB and human RhCG 
proteins, and the effect of the hydrophobicity of the SecY translocon pore in 
membrane protein insertion. 
Functional studies have revealed that Amt proteins transport the charged form 
of ammonium (NH4+) while Rh proteins transport neutral ammonia (NH3). 
However, permeation mechanisms at a molecular level have not been understood 
clearly. Here, we present molecular details of ammonium transport in AmtB and 
RhCG proteins. Our calculations show that ammonium ion binds and deprotonates 
at the hydrophobic pore of AmtB. Then, ammonia diffuses down the hydrophobic 
pore while the excess proton is transported with the help of a highly conserved 
histidine dyad (H168 and H318). Ammonia gets re-protonated when it reaches the 
bottom of the pore and leaves the channel as ammonium. To recruit a new 
ammonium substrate the protonation states of the histidine dyad has to be reset. 
This is achieved through water molecules forming a single-file chain in the pore. 
Thus, hydration of the pore plays an important role in the transport mechanism in 
AmtB protein. Our simulations of RhCG protein have revealed that the pore of 
RhCG protein is not hydrated. Lack of hydration in the pore suggests that the 
excess proton cannot be transported across the hydrophobic pore as it is proposed 
for AmtB. We show that ammonium binds and deprotonates at a histidine residue 
(H185) lining the hydrophobic pore of RhCG. After deprotonation, ammonia 
diffuses down the pore. Then, the excess proton is circulated back to the 
extracellular site through a network of hydrogen bonds connecting H185 to D177. 
In conclusion, our calculations suggest that RhCG protein transports neutral 
ammonia while AmtB transports charged ammonium. 
Experimental findings showed that mutation of the pore-ring residues of Sec61 
translocon changed the hydrophobicity threshold for membrane integration. Our 
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free energy calculations suggested that mutation of the pore-ring residues 
influences the stability of peptides in the pore, thus affecting the probability of 
membrane integration. In addition, insertion experiments of oligo alanine peptides, 
which contain a cluster of three leucines at various positions, revealed an 
asymmetry in the membrane integration profile. In particular, a significant drop in 
membrane integration was observed when the three-leucine cluster aligns with the 
pore-ring residues. We simulated the wild-type SecY and its pore-ring mutants 
with the oligo-alanine peptides initially placed into the pores. Analysis of these 
simulations suggested that hydration of the leucine side-chains drops dramatically 
when the three-leucine cluster is aligned with the pore-ring residues. The reduced 
hydration of the leucine residues stabilizes the peptide in the translocon pore and 
favors its translocation. 
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 1. 1 Introduction to Ammonium Transport in Amt Family Proteins 
Ammonium is used as a nitrogen source in the three kingdoms of life (bacteria, 
yeast and plants) and transported by Amt/Mep family proteins from extracellular 
site to cytosol at low ammonium concentrations. However, ammonium is a toxic 
substrate in mammalian cells where Rh family proteins, orthologs of Amt proteins, 
facilitate ammonium transport in the excretion process of ammonium (1-3). 
In this chapter, unless otherwise specified, the word “ammonium” refers to 
both ammonium and ammonia. In solution, ammonium exits in two molecular 
forms: neutral NH3 and charged NH4+. The fractions of these forms are 
determined by the pH of the solution. At physiological pH the majority of 
ammonium is in NH4+ form (approximately 99%). Neutral NH3 can diffuse 
through lipid bilayer, whereas charged NH4+ cannot. However when the 
concentration of ammonium is low in the medium, it becomes a limiting factor for 
the growth. Proteins from Amt family are expressed to enhance ammonium 
uptake since the diffusion rate of NH3 through the membrane doesn’t suffice.  
Javelle et al. reported that E.Coli Ammonium transporter (EcAmtB) are expressed 
when ammonium concentrations is less than 50 µM (4). Plant Amts also operate 
under micro molar concentrations (ranging from 10-100 µM) (5). 
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 1. 2 Important Structural Features of AmtB  
Structures of two proteins from Amt family have been revealed: E.Coli AmtB 
and A. fulgidus Amt-1. Here, we will briefly explain important structural features 
of E.Coli AmtB for the transport of ammonium. Khademi et al. and Zheng et al. 
obtained the crystal structure of EcAmtB with a resolution of 1.35 Å and 1.8 Å 
respectively (6-8). AmtB crystallizes as a homotrimer and each monomer is 
composed of 11 transmembrane helices. Four putative binding sites for 
ammonium substrate were observed in both X-ray structures (Figure 1.1.c). 
Khademi et al. concluded that the sites S2, S3 and S4 are binding sites for 
ammonia. However the other crystal structure, which shows electron density 
peaks at similar locations, was obtained in the absence of ammonium salt. This 
suggests that these peaks could belong to water molecules too. In chapter 2 we 
addressed the question of what species (water or ammonia) most likely occupies 
the pore in the resting state of AmtB.  
The AmtB structure can be divided into four regions: extracellular vestibule, 
two phenylalanines forming so-called a gate (Phe gate), hydrophobic core with 
twin-histidines and cytosolic vestibule. In the extracelluar vestibule a putative 
binding site, which is formed by a tryptophan (W148), serine (S219) and two 
phenylalanines (F103 and F107), for ammonium just above the Phe gate is 
observed in the crystal structures. A mutagenesis study for this binding site shows 
the loss of binding affinity when the residues around this site are mutated (9). 
Recently, our collaborators from Lamoureux group calculated the binding affinity 
of -14.1 kcal/mol for ammonium at this site using state-of-art hybrid 
polarizable/molecular mechanics simulations (10). The high binding affinity of 
ammonium is highly crucial for the recruitment of ammonium and optimal 
function of AmtB at very low concentrations.  
Just below this binding site the residues F107 and F215 occlude the pore and 
form a gate like structure. This Phe gate is highly conserved among Amt/Rh 
family proteins. The high conservation of this gate suggests a significant role in 
the functions of these proteins, however no clear evidence has been obtained to 
date. Molecular dynamics simulations suggest that small molecules can’t pass 
through this gate (11-13). Functional experiments of the Phe gate mutants show 
that the alanine mutant of bottom phenylalanine, F215A, abolishes the activity 
totally whereas F107A mutant has slightly better activity than the wild-type. 
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However the double mutant F107A/F215A yields inactive AmtB (9). These 
results suggest that F215 has an important function in the deprotonation and the 
transfer of ammonium to the site S2 in the pore.  
The hydrophobic pore region has two highly conserved histidine residues 
(H168 and H318). In a functional mutagenesis study, Javelle et al. showed that 
this histidine dyad is absolutely required for ammonium transport (14). The high 
conservation of these histidines and the mutagenesis study support the hypothesis 
that this histidine dyad might play an important role in deprotonation of 
ammonium. In addition, a tryptophan residue close to S2 (W212) is also highly 
conserved in Amt/Rh proteins. Functional study of this residue shows that W212A 
mutant is inactive whereas W212F mutant remains active (9). The mutagenesis 
study on W212 suggests that having an aromatic ring at the position of W212 
contributes to stabilization of ammonium ion at S2 via cation-pi interactions.  
Two crystal forms obtained by Zheng et al. showed structural variations at the 
cytoplasmic vestibule. The most prominent change is the side chain conformation 
of V314. In one crystal form, the side chain of V314 points towards the pore and 
makes the pore narrower. The reason for this structural variation is not known. 
But, it is suspected that binding of the regulatory GlnK protein might cause the 
conformational change at the cytoplasmic vestibule (6). In addition, the role of the 
cytoplasmic vestibule in ammonium transport remains unclear.  
  
 
Figure 1.1 Structure of EcAmtB. a) front view b) top view c) important 
residues and putative substrate binding sites in the EcAmtB pore, blue and red 
spheres shows the location of density peaks for the substrates in the X-ray 
structures from Khademi et al. (PDB Id: 1U7G) and Zheng et al. (PDB Id: 1XQF). 
(Panels a and b were taken from (6), and panel c was taken from (10)) 
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 1. 3 Functional Studies on the Ammonium Transport in Amt Proteins 
The methods for investigating protein mediated ammonium conduction are 
mostly the measurements of methylammonium (MA) uptake, ammonium induced 
internal pH changes and ammonium induced currents in voltage-clamped cells. 
All the techniques have some limitations. Firstly, the disparate pKas of MA and 
ammonium (10.65 versus 9.25) could give different affinities and transport rates. 
Secondly, the accuracy of measuring internal pH changes heavily depends on the 
sensitivity and rapidity of the technique. Thirdly, in the ammonium induced 
current measurements it is difficult to discriminate the current resulted from the 
protein of interest, from the current due to endogenous channels and transporters 
in the cell in which measurements are taken (15). Beside the measurement method, 
the experimental setups and protocols could also affect the results of functional 
studies. Typical constructs for functional studies are in vitro assays, in vitro assays 
with cell-derived vesicles and cellular essays. In vitro assays are formed by 
purification and reconstitution of desired proteins into liposomes. In this kind of 
constructs the orientation of proteins could affect the results obtained. The 
orientation problem is solved by in-vitro assays with cell-derived vesicles due to 
the fact that in this protocol cellular machinery inserts the protein into the 
membrane. Despite the aforementioned problem arising from endogenous proteins 
in cellular essays, a large number of functional studies for ammonium transport in 
Amt and Rh proteins used cellular assays, particularly oocytes (1). 
Functional studies on the ammonium transport mechanisms in Amt proteins 
suggested both neutral and charged ammonium transport. Earlier studies from the 
lab of Sidney Kustu suggested that AmtB facilitates neutral and bidirectional NH3 
transport based on the growth experiments of E.coli and S. typhimurium cells 
(16,17). However, a recent work of Kustu and coworkers concluded the opposite 
mechanism: charged ammonium transport (18). Khademi et al. also claimed 
neutral ammonium transport based on internal pH change measurements in AmtB 
proteoliposomes. But, Javelle et al. couldn’t reproduce the results reported by 
Khademi et al. (1).  
Other functional studies suggested the charged ammonium transport. Ludewig 
et al. and Mayer et al. expressed Amt proteins from Lycopersicon esculentum and 
Arabidopsis thaliana plants in oocytes and performed electrophysiological 
experiments. Results from these experiments show that these plant Amts have 
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high affinity for ammonium and charged ammonium is transported either as 
uniport of NH4+ or cotransport of NH3 and H+ (1,19-24). 
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 1. 4 Permeation Mechanisms in AmtB 
The elucidation of the structure of EcAmtB has helped significantly to 
understand the permeation mechanism of ammonium by the simple description of 
the pore and derived insights. The X-ray structure also gave the opportunity to 
perform molecular dynamics simulations (MD) and mutagenesis experiments for 
elucidating permeation mechanism at molecular level.  
It is widely accepted that NH4+ is recruited and binds to the site S1. MD 
simulations have shown that NH4+ and other ions can’t pass through the 
hydrophobic pore due to a high-energy barrier (12,13,25-27). Because of the high-
energy barrier for ammonium ion, both electrogenic and electroneutral transport 
mechanisms suggest the deprotonation of NH4+ at some point along the transporter.  
Electroneutral transport mechanisms propose that deprotonated ammonia 
diffuses down the pore and the proton is transported back to the periplasm. Most 
of the electroneutral mechanisms suggest that highly conserved aspartic acid, 
D160 (near S1), is involved in the deprotonation of ammonium at site S1 through 
a network of H-bonds formed by periplasmic water molecules (12,26,28,29).  The 
idea that D160 can play a role in the deprotonation of ammonium emerged from 
the mutagenesis experiments in which D160A mutant abolished ammonium 
conduction whereas D160E mutant retained the activity of the wild type 
significantly (71%) (4,30). It has been also suggested that ammonium can be 
deprotonated between S1 and S2 (13,27). Bostick et al. proposed that ammonium 
is coordinated by the backbone carbonyl of A162, a water molecule coming from 
the periplasm and F215. According to their simulations, ammonium can be easily 
deprotonated to the water molecule due to the fact that the pKa of ammonium is 
lowered at this position (27). Nygaard et al. suggested that ammonium transfers its 
proton to the carbonyl of Ala162. Then the excess proton is exchanged with 
amino group of G163 via imidic acid mechanism. Finally, the proton is 
transported back to the periplasmic site through D160, which is interacting with 
the amino group of G163 (13). 
 Electroneutral transport mechanisms, however, don’t explain why NH3 should 
diffuse down the pore from S1 or between S1-S2 instead of diffusing back to the 
periplasm. Moreover, these mechanisms can’t illuminate the need for the 
conserved histidine residues, which were shown to be required for the activity of 
AmtB. Javelle et al. showed that alanine mutant of H168 can’t conduct 
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ammonium whereas the glutamate mutant remained active (14). This finding 
supported the idea that these twin-histidines are involved in the deprotonation of 
NH4+ at S2  (31,32). The functional studies on the highly conserved residues 
around S2 (H168, H318, F215, W212) support the idea of an electrogenic 
transport mechanisms, particularly the cotransport of NH3 and H+ since NH4+ 
cannot diffuse down the hydrophobic pore.  
Most of the computational studies presumed electroneutral transport and 
focused on investigating detailed mechanisms for proton transfer around S1. 
However, together with our collaborators from the Lamoureux lab, we recently 
presented a NH3/H+ cotransport mechanism with molecular details using quantum 
and molecular mechanical simulations (10). We showed that NH4+ is coordinated 
by F215, W212 and H318 and has high binding affinity (-13 kcal/mol) at S2. In 
our simulations we observed a stable water chain in the hydrophobic pore region, 
which was also reported previously (33). This water chain also contributes to the 
stabilization of NH4+ at S2. Using hybrid quantum mechanics/molecular 
mechanics (QM/MM) simulations we illustrated that NH4+ can easily deprotonate 
to Nε atom of H168 but not to water molecules in the pore. After deprotonation, 
NH3 diffuses down the pore with an almost barrierless free energy profile. We 
showed that NH3 gets its proton back from Nε atom of H318. Protonation of H168 
makes the proton transfer from H318 to NH3 feasible, because the excess proton 
on H168 is shared between H168-Nδ and H318-Nδ atoms. Upon the protonation 
of NH3, the excess proton stays on the Nδ atom of H318. This process changes the 
protonation states of the histidine dyad. To recruit a new ammonium substrate the 
protonation states of the histidine dyad should be reset. The potentials of mean 
force (PMF) obtained by QM/MM simulations for the proton transfer from Nε of 
H168 to Nε of H318 through the water chain has a free energy barrier of 17 
kcal/mol. The reset of the protonation dyad thus seems to be the rate-limiting step 
of ammonium transport. Consequently, we showed that AmtB binds and splits 
NH4+ and transports subsequently NH3 and H+ through the pore. It was also 
shown that water molecules in the pore of AmtB play an important role in 
ammonium transport (10). 
An important argument against electrogenic ammonium transport is that 
ammonium cannot pass through the hydrophobic Phe gate and reach S2. The free 
energy calculations have been performed till now showed that this transition has a 
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very high-energy barrier, which makes it impossible for ammonium to cross over 
(12,34). However, all the simulations were done with classical molecular 
dynamics methods, which underestimate the cation-pi interactions (35). Our 
preliminary results from three-dimensional PMF calculations using the state-of-art 
hybrid polarizable mechanics/molecular mechanics (PM/MM) models, which 
accurately estimate the cation-pi interaction, show that the barrier for ammonium 
crossing the Phe gate is around 6 kcal/mol. This result suggests that the 
translocation of ammonium from S1 to S2 is feasible. 
 
 
Figure 1.2 Schematic illustration of the NH3/H+ cotransport mechanism. 
Adapted from Wang et al (10). 
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 1. 5 Introduction to Ammonium transport in Rh Family Proteins 
 In mammals ammonia is produced mostly in the brain, kidney and gut. Acid-
base homeostasis is highly vital for organs to function normally. The liver and 
kidney have crucial roles in acid-base homeostasis regarding ammonia. Liver 
converts ammonia to urea and glutamine, and kidney excretes ammonia to urinary 
space. An increase of ammonium concentration in blood results in the increase in 
acid load in brain, which might cause dysfunction of brain such as hepatic 
encephalopathy. Hepatic encephalopathy causes cognitive, psychiatric and motor 
disorders, and results from over accumulation of ammonia in blood-brain barrier 
due to liver failure. Dysfunction of kidney in acid excretion leads to metabolic 
acidosis, which contributes to many physiological disorders such as osteopenia, 
osteoporosis, peripheral insulin resistance and lower leptin secretion.  (15,36-40).  
Ammoniagenesis and transport of ammonia is central to acid-base homeostasis 
in kidney. Ammonia is produced in the proximal tubule cells from metabolism of 
glutamine and after several steps, finally excreted into urine along the collecting-
duct intercalated cells in nephrons  (15,38,39,41-44). Before the discovery of Rh 
proteins it was assumed that non-ammonia specific transporters achieve the 
transport of ammonia to the collecting-duct. However, in 2000 Marini et al. 
showed that the replacement of mammalian Rh proteins (RhAG and RhCG) with 
methyl ammonium permeases ammonium transporters (Mep) in yeast also 
promoted ammonium transport  (45). Rh family proteins are mammalian 
orthologs of Amt/Mep family ammonium transporters. Until now, three Rh 
glycoproteins have been identified: RhAG, RhBG and RhCG (by convention 
RhAG and Rhag refer to human and non-human rh protein respectively; the same 
convention also applies to RhBG and RhCG)  (46,47). RhBG and RhCG are 
expressed in the liver and kidney and have significant roles in renal ammonia 
homeostasis. On the other hand, RhAG proteins are expressed in erythrocytes and 
so far no indication claiming that RhAG is involved in renal ammonia 
homeostasis has been found.  
In red blood cells (RBC), RhAG forms a complex with other Rhesus proteins 
(RhD and RhCE) and is needed for membrane expression of these proteins. The 
absence of RhAG in RBCs causes Rh antigen deprivation in RBC cell surface that 
leads to the Rhnull disease, which results in abnormalities in RBCs such as 
defective cation fluxes, altered phospholipid asymmetry and increased osmotic 
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fragility (48-50). Several studies suggest that RhAG can mediate ammonium 
transport (45,51-54). Aside from transporting ammonium it has been also showed 
that RhAG can transport CO2 (55). 
RhBG and RhCG are highly expressed in the collecting-duct intercalated cells 
of the kidney where a substantial amount of ammonium excretion takes place. 
While RhCG is expressed at both apical and basolateral membranes of these cells, 
RhBG is expressed only in the basolateral membranes (43,56). Like for RhAG, it 
has been shown that RhBG and RhCG facilitate ammonium transport. Even 
though the majority of the studies suggest that Rh proteins transport NH3, the 
exact nature of the transported species remains controversial (57-60). A recent 
study shows that RhCG may have important roles in other biological functions, 
for example a study reports that deletion of RhCG proteins in mice diminished 
male fertility  (57).  
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 1. 6 Important Structural Features of RhCG  
Only two crystal structures for Rh proteins have been obtained until now: the 
human RhCG and bacterial Rh50 (from Nitrosomonas europaea) (42,61). Here we 
will describe the important features of the human RhCG structure. Gruswitz et al. 
managed to crystalize the human RhCG protein and solve its structure at a 
resolution of 2.1 Å (PDB Id: 3HD6). RhCG is composed of 12 transmembrane 
helices and forms a homotrimer complex. The permeation pathway in RhCG can 
also be divided into extracellular vestibule, pore and intracellular vestibule 
regions, as in the case of AmtB. The Phe gate and pore histidine dyad observed in 
Amts are also present in RhCG. A significant structural difference of RhCG 
compared to AmtB is that RhCG does not have a binding site for ammonium just 
above the Phe gate. In addition, phenylalanines forming the Phe gate (F130 and 
F235) in RhCG are perpendicular to each other whereas the ones in AmtB are 
parallel to each other.   
Zidi-Yahiaoui et al. measured intracellular pH in RhCG expressed HEK293E 
cells in order to elucidate the importance of residues around the pore. Zidi-
Yahiaoui et al. showed that individual mutations of the phenylalanines forming 
the Phe gate, F130A and F235V, resulted in inactive RhCG whereas 
F130A/F235V double mutant retained wild type activity considerably (62). They 
also showed that bottom histidine in the histidine dyad (H344) is absolutely 
required for the function of RhCG, while RhCG mutants of the upper histidine 
(H185) could not be expressed in the membrane. The significance of this residue 
remains unclear. Moreover, an aspartic acid (D177) near the pore was also shown 
to be crucial for ammonium transport. Mutation of this residue to asparagine 
caused the loss of ammonium conduction. Similar result was also reported by 
Marini et al. (63). These studies suggest that D177 might be involved in proton 
transfer pathway. Our calculations (in chapter 3) provide important evidence 
showing that D177 plays an important role for the transport of excess proton to 
the periplasmic site after deprotonation of ammonium in the pore. 
 
Chapter 1: Ammonium transport in Amt/Rh family proteins 
 13 
 
Figure 1.3 Structure of the human RhCG protein a) Top view, b) Side view, c) 
Important residues around the pore. Panels a and b were adapted from Gruswitz et 
al. (42). 
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 1. 7 Functional Studies on the Ammonium Transport in Rh Proteins 
Here we briefly summarize functional studies performed to elucidate the 
transport mechanisms in Rh proteins and determine the exact transported species 
in these proteins. 
Westhoff et al. heterologously expressed RhAG protein in Xenopus oocytes 
and showed that the expression of RhAG proteins increased MA uptake by 10 
fold compared to the control cells. The MA uptake increased with increasing 
extracellular pH or decreasing intracellular pH, and was not affected by a change 
in membrane potential. From these results Westhoff and coworkers concluded that 
the transport of ammonium is electro-neutral exchange of NH4+ and H+ (51).  
Westhoff et al. also suggested that the RhAG-mediated ammonium transport 
occurs bidirectionally based on the experiments on the yeast cells, in which RhAG 
are expressed in the absence of MEP transporters  (52). In contrast to these results, 
Ripoche at al. claimed that RhAG mediates neutral transport of NH3 and CH3NH2 
based on the measurements of intracellular pH changes in the control and Rh 
protein complex deficient red ghost cells (53). In addition, a work of Benjelloun et 
al. suggested that both NH3 and NH4+ could be transported by RhAG protein when 
expressed in HeLa cells  (54).  
Bakouh et al. measured currents and pH changes in RhCG expressed Xenopus 
oocytes in the exposure of NH4Cl. The measurements suggested that RhCG 
mediates the transport of both NH3 and NH4+  (64). Zidi-Yahiaoui et al. 
transfected RhBG and RhCG into human embryonic kidney cells (HEK-293) and 
investigated ammonium transport using stopped-flow spectrofluorimetry analysis. 
RhBG and RhCG expressed cells exhibited rapid alkanization due to influx of 
NH3 and the NH3 transport rate is increased 6 times in comparison to wild-type 
HEK cells  (59). Uwe Ludewig showed that RhBG expressing Xenopus oocytes 
facilitates electroneutral NH4+ and H+ exchange using electric current and 
intracellular pH measurements  (60). The electroneutral transport in RhBG and 
RhCG was also supported by the analysis of MA uptake and voltage clamping of 
Xeonpus oocytes from Westhoff lab (58). Biver et al. showed that RhCG deficient 
mice had abnormal urinary acifidication, which suggests electroneutral NH3 
transport (57). Recent measurements from reconstituted RhCG proteins in 
liposomes led to the conclusion that RhCG transports neutral NH3 and does not 
require any other protein for this function (42,65). As opposed to electroneutral 
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transport, using voltage-clamped current measurement technique Nakhoul et al. 
claimed that the transport of ammonium in RhCG protein is electrogenic (66).  
In conclusion, the majority of the experiments carried out to determine the 
ammonium transport mechanism suggests that Rh proteins mediate neutral NH3 
transport. 
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 1. 8 Outline for Chapters 2, 3 and 4 
In Chapter 2, we show how electrogenic ammonium transport occurs in AmtB 
using quantum and molecular mechanics simulations. We explain how ammonium 
is recruited, deprotonated and the excess proton is transferred across the 
hydrophobic pore via the histidine dyad. 
In Chapter 3, we compare the hydration patterns of the pores of AmtB and 
RhCG proteins. This comparison study suggests that small differences in the pores 
leads to different transport mechanisms in AmtB and RhCG proteins. 
In Chapter 4, we present a novel ammonium permeation mechanism in human 
RhCG protein using advanced computational techniques. The mechanism we 
propose is the first detailed mechanism describing ammonium transport in RhCG 
at molecular level. 
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Chapter 2  
 
AMMONIUM TRANSPORTERS ACHIEVE CHARGE TRANSFER BY 
FRAGMENTING THEIR SUBSTRATE 
 
 
 
 
 
 
 
 
 
This chapter was published in the Journal of the American chemical society 
(JACS, 2012, 134, 10419-10427) by the following authors: Shihao Wang, Esam A. 
Orabi, Sefer Baday, Simon Bernec̀he, and Guillaume Lamoureux. 
Sefer Baday involved in preparation of the AmtB simulation system, setting 
up ABF simulation for ammonia diffusing through the pore and PMF calculation 
for the reset of histidine dyad, and discussions of the results. 
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 2. 1 Abstract 
Proteins of the Amt/MEP family facilitate ammonium transport across the 
membranes of plants, fungi, and bacteria, and are essential for growth in nitrogen-
poor environments. Some are known to facilitate the diffusion of the neutral NH3 
while others, notably in plants, transport the positively charged NH4+. Based on 
the structural data for AmtB from Escherichia coli, we illustrate the mechanism 
by which proteins from the Amt family can sustain electrogenic transport. Free 
energy calculations show that NH4+ is stable in the AmtB pore, reaching a binding 
site from which it can spontaneously transfer a proton to a pore-lining histidine 
residue (His168). The substrate diffuses down the pore in the form of NH3 while 
the excess proton is co-transported through a highly conserved hydrogen-bonded 
His168-His318 pair. This constitutes a novel permeation mechanism that confers 
to the histidine dyad an essential mechanistic role that was so far unknown. 
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 2. 1 Introduction 
Ammonium transport proteins have been found in all domains of life, notably 
in plants (1), bacteria (2), and mammals (3,4). They facilitate the membrane 
transport of ammonium, which is an important nitrogen source for organisms such 
as bacteria, fungi, and plants (1,5), but a toxic metabolic waste product for others, 
such as mammals (4,6). The X-ray structures of bacterial ammonium transporter 
AmtB (7-12), show a permeation pathway consisting of three regions (Figure 
2.1.a): a periplasmic vestibule, at the bottom of which is a binding site (S1) 
involved in ammonium recruitment; a gate formed of two phenylalanine residues 
(Phe107 and Phe215), whose function has not been fully established yet; and a 
narrow and hydrophobic pore lined with two hydrogen-bonded histidine residues 
(His168 and His318), in which various binding sites have been 
crystallographically identified (8,10-12). In the present work, we call “S2” the site 
where a substrate forms a hydrogen bond with His168 and “S4” the site where it 
forms a hydrogen bond with His318. The region between S2 and S4 is indistinctly 
called “S3”. 
The recruitment of NH4+ in the periplasmic vestibule has been confirmed by 
structural and functional studies (9,11,12) and by simulations (13-19). Under 
physiological pH, ammonium exists predominantly in its ionic form (NH4+) and 
the electron density maximum observed in the periplasmic vestibule of the AmtB 
channel is consistent with an ion forming cation–π interactions with aromatic 
amino acids Phe107 and Trp148, and an H-bond to Ser219. The identity of the 
transported species and the mechanism of transport have, however, not been 
confirmed so far. Because H2O, NH3, and NH4+ are isoelectronic molecules, they 
cannot be distinguished in the X-ray structures and their assignment to electron 
density maxima remains hypothetical. In that regard, computer simulations based 
on quantum chemistry are an invaluable tool to investigate the affinity of the 
protein for the different forms of the substrate and the underlying transport 
mechanisms. 
Based on experimental studies of various proteins of the Amt family, three 
transport mechanisms have been suggested: electroneutral NH3 transport 
(9,11,12,14,16-18,20,21), NH3/H+ co-transport (9,22,23), and NH4+ transport 
(1,2,5,24,25). Despite this seemingly contradictory evidence, most theoretical 
studies (13,15,19,26-28) have focused on electroneutral NH3 transport 
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mechanisms, in which NH4+ deprotonates in the periplasmic vestibule and a 
neutral NH3 permeates through the pore, leaving the charge on the periplasmic 
side. This mechanism, however, leaves many experimental results unexplained 
(9,10,25). Electrophysiological studies of plant Amt (25) have confirmed a net 
charge transport across the membrane, which suggests that the transported 
substrate is either NH4+ or NH3/H+. While the NH3/H+ co-transport hypothesis has 
been raised by many authors (22,29), it has not been demonstrated from a 
mechanistic perspective. Using computational methods based on quantum 
chemistry and statistical mechanics we elucidate the pathway allowing for the 
binding of NH4+ and its subsequent splitting into NH3 and H+. Our findings 
notably show that Amt’s signature histidines are central for proton transport. 
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 2. 2 Results and Discussion 
 
2.2.1 Recruitment of NH4+ in site S1  
The stability of NH4+ in S1 was investigated using five independent 2-ns 
hybrid polarizable mechanics/molecular mechanics (PM/MM) simulations. 
Residues around site S1 are represented by polarizable models specifically 
parameterized to reproduce the complexation energies between NH4+ and a series 
of model compounds that represent protein side chains (see Appendix, Figure 2.8, 
Figure 2.9, Table 2.2 and Table 2.3). NH4+ remains stable in site S1 along all 
simulations, at a position in agreement with site Am1 from the crystal structure of 
Khademi et al (11). (Figure 2.1.b), and in line with simulations from other groups 
(15,23,38). NH4+ forms a cation-π interaction with Trp148 most of the time, but it 
occasionally separates to form a cation-π interaction with Phe103 (Figure 2.1.b). 
The average distances from NH4+ to Ser219, Phe107, Phe103, Trp148, and H-
bonding water are 2.8 Å, 3.7 Å, 5.9 Å, 4.2 Å, 2.8 Å, respectively (see Table 2.4). 
During the simulations, the so-called hydrophobic pore is filled with water 
molecules, at positions in excellent agreement with the density observed in the 
1U7G and 1XQF crystal structures (Figure 2.1.c). This is consistent with our 
previous findings (30) and suggests that the pore in the crystal structures is 
occupied by water. While this conclusion appears to be somewhat force-field 
dependent (13,16,30), there is little doubt that the electronic density observed in 
the 1XQF structure is due to water, since the protein was crystallized in absence 
of ammonium salt (12).  
Binding affinity of NH4+ for S1 is calculated from the free energy associated 
with the H2O → NH4+ alchemical transformation (31) in the binding site, relative 
to the free energy associated with the same transformation in liquid water. The 
free energy difference represents the thermodynamic cost of exchanging an 
ammonium ion in the periplasm with a water molecule in the binding site. As 
shown in Table 2.1, the NH4+ binding affinity in S1 is –14.1 ± 1.5 kcal/mol, 
corresponding to a dissociation constant of 2.55 nM. By comparison, Luzhkov et 
al. (16), using a conventional (non-polarizable) force field, have calculated 
∆∆Gbind(H2O → NH4+) in S1 to be –5.8 kcal/mol, corresponding to a dissociation 
constant of 3.1 mM. This millimolar affinity is too low to explain the observed 
activity of Amt proteins, since E. coli can grow normally without a functional 
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AmtB protein down to ammonium concentrations of ~0.1 µM (21), and since 
AmtB is actually being inactivated for ammonium concentrations greater than ~5–
50 µM (32). The nanomolar affinity of S1 for ammonium ions is consistent with 
that of known benzene-based, synthetic receptors. For instance, Ahn et al. (32) 
have synthesized a tripodal oxazoline receptor that binds NH4+ with an affinity of 
40 nM (Ka = 2.5 × 107 M–1) and a free energy of –12.5 kcal/mol. 
The high binding affinity in S1 is partially due to cation–π interactions 
resulting from the direct coordination of NH4+ with Phe107 and Trp148. A 
number of computational investigations have shown that, in aqueous solution, 
NH4+–π interactions are significantly stronger than NH4+–water interactions (34-
36). For instance, Gallivan and Dougherty (35) have estimated the binding free 
energy of a methylammonium–benzene pair in solution to be –5.5 kcal/mol 
(compared to –2.2 kcal/mol for a methylammonium–acetate pair). Sa et al. (36) 
have performed Car–Parrinello molecular dynamics simulations of an 
ammonium–benzene pair in aqueous solution and estimated the “cation–π” 
binding free energy to be –5.75 kcal/mol. 
Experimental studies on AmtB (9) and other Amt proteins (1,25) have shown 
that site S1 is selective for NH4+ over biologically abundant cations Na+ and K+. 
These ions do not permeate the proteins and do not even inhibit their ammonium-
transport activity (1,9,25,37). We have calculated the binding free energies of Na+ 
and K+ from the free energies associated with the NH4+ → Na+ and NH4+ → K+ 
transformations, using a polarizable force field for all three ions (see Appendix). 
Compared to NH4+, the resulting binding affinities are reduced by 9.2 kcal/mol for 
Na+ and 8.2 kcal/mol for K+ (Table 2.1), which confirms that none of these ions 
would inhibit ammonium binding at physiological concentrations. The high 
selectivity of site S1 for NH4+ is due to the specific coordination environment 
composed of the aromatic rings of Phe107 and Trp148, the hydroxyl group of 
Ser219, and two water molecules. While the number of coordinating ligands in S1 
is comparable to that of NH4+ in solution (4 to 5 water molecules (22)), it is lower 
than that of Na+ or K+ (5 to 6 for sodium and 6 to 7 for potassium (38)). 
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Figure 2.1  (a) Crystal structure of AmtB monomer (PDB id: 1U7G) (11). The 
locations of four density maxima identified by Khademi et al. (11) are marked as 
blue spheres. For comparison, four density maxima identified by Winkler et al. 
(PDB id: 1XQF, personal communication) (11) are marked as red spheres. Sites 
S1, S2, and S4 are depicted as green circles. Distribution of (b) NH4+ in site S1 
and of (c) water in the AmtB pore, from 60 ns PM/MM simulations. In panel (b), 
positions are projected onto YZ plane and the distributions of ammonium nitrogen 
and centers of mass of F103, F107 and W148 rings are shown. In panel (c), 
positions are represented in cylindrical coordinates, using the Nε atoms of His168 
and His318 as principal axis. Distributions of water oxygen and Nε atoms of 
His168 and His318 are shown. The density maxima from 1U7G and 1XQF crystal 
structures are shown as white and purple dots, respectively. A corresponding 
snapshot is shown in panel (d).  
 
2.2.2 Affinity of NH4+ in site S2 
 We have investigated the probability of NH4+ reaching the S2 binding site, 
which is separated from S1 by the two phenyl rings of Phe107 and Phe215. An 
ion bound to site S2 would be coordinated by residues Phe215, Trp212, and 
His168. Most of these residues are conserved throughout the Amt/MEP family 
(11,12) and mutagenesis studies on AmtB have shown that mutants F215A, 
W212A, and H168A are all inactive (9,10). Interestingly, mutant W212F, which 
preserves the aromatic character of the residue and therefore its ability to form a 
cation–π interaction with a charged substrate in S2, remains 80% active (9). This 
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observation, along with the fact that Trp212 is conserved either as Trp or Phe in 
all members of the Amt/MEP family, is suggesting that S2 is a cation-binding site 
and that tight ion-protein coordination in S2 is essential for transport. 
The stability of NH4+ at site S2 was investigated using two methods: PM/MM 
simulations as for site S1 and hybrid quantum mechanics/molecular mechanics 
(QM/MM) simulations. NH4+ is initially placed at S2 and allowed to move freely, 
and the section of the pore below S2 is filled with water. The His168-His318 pair 
has two tautomers, depending on which of the two histidines is the hydrogen bond 
donor to the other. The “His168–H···His318–H” structure (see Figure 2.1.d) is 
considered to be the functional state at the time the substrate reaches S2. The 
reverse “H–His168···H–His318” state, which has a hydrogen atom pointing 
towards S2, would create an unfavorable electrostatic clash with NH4+ in S2. The 
distributions of NH4+ and water molecules in the pore are presented in Figure 
2.2.a and Figure 2.2.b. NH4+ maintains a strong hydrogen bond to His168 
throughout both the 4-ns PM/MM simulation and the 60-ps QM/MM simulation. 
According to the PM/MM simulations, the average distances from NH4+ to 
His168, Phe215, Trp148 and H-bonding water are 3.0 Å, 3.2 Å, 3.2 Å, and 3.0 Å, 
respectively. The positions of ammonium, water and His168 are represented by 
nitrogen, oxygen, and N!, respectively. For Phe215 and Trp148, the positions are 
represented by the center of their six-membered rings. Although NH4+ is stable in 
S2, and favors the formation of a highly structured water chain in the pore (Figure 
2.2.a), its position does not correspond to any of the density maxima identified 
from X-ray crystallography, which are likely to represent water in a substrate-free 
pore (see Figure 2.1.c). 
The position of NH4+ is more diffuse for the QM/MM simulations (Figure 
2.2.b), because they allow NH4+ to deprotonate and represent a mixture of two 
states: an NH4+ ion bound to a neutral His168 and an NH3 molecule bound to a 
protonated His168. The water molecules are more dynamic as well, showing a 
binding pattern extending away from the histidine scaffold. Free QM/MM 
simulations with methylammonium (CH3NH3+, also known to permeate (11)) in 
S2 yield distributions similar to those of Figure 2.2.b, also involving proton 
transfer between CH3NH3+ and His168.  
As reported in Table 2.1, the calculated NH4+ binding affinity in site S2 is –
13.0 ± 1.0 kcal/mol, which indicates that NH4+ is almost as stable in S2 as it is in 
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S1. This large binding free energy is consistent with mutagenesis data (9,39) 
showing that AmtB retains its activity even for a highly disrupted S1 site. The 
high ammonium affinity of S2 would explain why the triple mutant 
F107A/W148A/S219A (in which the Phe, Trp and Ser residues around S1 are 
mutated to alanine) is even more active than the wild-type protein (9). In stark 
contrast, Luzhkov et al. (16) report a free energy barrier of +22.1 kcal/mol when 
the pore is filled with ammonia instead of water, using a conventional non-
polarizable force field. 
It is expected that the translocation of NH4+ from S1 to S2 requires a transient 
reorganization of the aromatic side chains of Phe107 and Phe215. In accordance 
with a number of simulation studies (13,15,18), our simulations show that the side 
chains of Phe107 and Phe215 frequently rotate and adopt conformations in which 
the two aromatic rings are perpendicular and form an “L” shape susceptible to 
bind NH4+ at an intermediate position between S1 and S2. An ammonium ion at 
that position would be stabilized by an H-bond with the Ala162 backbone, which 
would significantly reduce the translocation energy barrier. Mutagenesis data 
from Javelle et al. (9) show that F107A variant remains active but that variant 
F215A and double variant F107A/F215A are inactive, yet that none of these 
mutants leak water. This suggests that the phenylalanine gate is not so much 
preventing water from diffusing as it is providing key residues leading the 
substrate to S2 and stabilizing it in the vicinity of His168. Given the binding free 
energies of NH4+ at S1 and S2 (–14.1 and –13.0 kcal/mol, respectively), the 
probability of the substrate going to S2 is much greater than the probability of it 
going back to the periplasm—irrespective of the details of the translocation 
mechanism.  
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Table 2.1 Relative binding free energies of NH4+, Na+ and K+ at the S1, S2 
and S4 sites (in kcal/mol) 
Mutation (Site) ∆!!"#!"#$ ∆!!"#!"#  ΔΔGbind 
 
Kd (nM)† 
H2O → NH4+ (S1) –75.8±1.3* –61.7±0.8*,a –14.1±1.5 2.56 
H2O → NH4+ (S2) –74.7±0.6* –61.7±0.8*,a –13.0±1.0 16.4 
H2O → NH4+ (S4) –70.2±0.9* –61.7±0.8*,a –8.6±1.4 2.73×105 
H2O → Na+ (S1) –85.2 –80.3b –4.9 1.42×107 
H2O → K+ (S1) –68.8 –62.9c –5.9 2.62×106 
* Errors are standard deviations from five independent simulations. 
† Equivalent dissociation constant calculated from [W] · exp(ΔΔGbind/kBT), 
where [W] is the concentration of water (55.4 M) and kB is Boltzmann constant. 
a Experimental value is –68.1 + 12.6 – 6.32 = –61.8 kcal/mol (using –6.32 
kcal/mol as the experimental hydration free energy of water) (77,78). Unlike 
solvation free energies, the calculated ΔG values do not contain the contribution 
from crossing the air-water interface (–12.6 kcal/mol for the SWM4-NDP model) 
(68,79).  
b Experimental value is –87.2 + 12.6 – 6.32 = –80.9 kcal/mol (78).  
c Experimental value is –70.5 + 12.6 – 6.32 = –64.2 kcal/mol(78).  
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Figure 2.2 Distribution of NH4+ in S2 and of water in the pore, from (a) 4 ns 
PM/MM simulations and (b) 60 ps QM/MM simulations. Positions are 
represented as in Fig. 1c. Distributions of ammonium nitrogen, water oxygen, and 
Nɛ atoms of His168 and His318 are shown. For reference, the density maxima 
from 1U7G and 1XQF crystal structures are shown as white and purple dots, 
respectively. Panel (c) illustrates a representative configuration of the molecules. 
 
2.2.3 Mechanism of NH4+ deprotonation in S2 
 We investigated two mechanisms for ammonium deprotonation at S2: 1) 
through the histidine side chains and 2) through the water chain in the pore 
(Figure 2.3). Water chains are common proton pathways in proteins and in 
nanotubes (40-44) but are most effective when water molecules are the only 
available proton acceptors. In presence of a better proton acceptor, such as 
ammonia or the unsaturated nitrogen atom of a histidine side chain, the proton 
conductivity of the chain may be significantly reduced (45,46). Imidazole, a 
model compound for the histidine side chain, has a higher proton affinity than 
water (225.2 kcal/mol versus 165.1 kcal/mol for water (47)) and a higher basicity 
(7.0 versus –1.74). 
The two deprotonation mechanisms are analyzed by calculating the potentials 
of mean force (PMFs) of proton transfer using constrained QM/MM simulations. 
The free energy barrier for the proton transfer from NH4+ to His168 is only 1.7 
kcal/mol, and the two protonation states are almost equally stable (Figure 2.3.a). 
In contrast, proton transfer from NH4+ to the adjacent water molecule is prohibited 
(Figure 2.3.b). As the excess proton is pushed towards the water molecule, 
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forming an H3O+ ion, the system becomes chemically unstable and another proton 
is quickly transferred from H3O+ to NH3.  
This finding is consistent with the unconstrained QM/MM simulations of 
NH4+ in S2. In these simulations proton transfer between NH4+ and His168 
happens about 40 times in 60 ps. Proton transfer between His168 and His318 is 
also observed (8 times in 60 ps), indicating that NH4+, His168, and His318 form a 
charge-delocalized structure42 that entropically stabilizes the excess positive 
charge. The distribution of protons from the unconstrained simulations is 
converted into proton transfer PMFs using the equation 
W(X) = –kBT ln ρ(X) 
where ρ(X) is the distribution of reaction coordinate X and W(X) is the 
corresponding PMF (see dashed lines in Figure 2.3.a and Figure 2.3.c). Proton 
transfer events between NH4+ and His168 are frequent enough that the 
unconstrained QM/MM PMF is statistically converged. The energy barrier for the 
proton transfer between His168 and His318 is 2.8 kcal/mol (Figure 2.3.c), which 
is higher than that for the transfer between NH4+ and His168 but is low enough to 
be sampled at the picosecond time scale. The two protonation states have the same 
free energy. 
The deprotonation mechanism observed in the QM/MM simulations is 
consistent with ab initio energy profiles calculated for the proton transfer 
reactions from an ammonium ion to imidazole (representing His168) and from an 
ammonium ion to water (see Figure 2.11.a). Based on comparisons with ab initio 
calculations performed in various implicit solvents, it appears that the protein 
environment of a histidine-bound ammonium in S2 has a polarity intermediate to 
that of liquid benzene and liquid water, such that the substrate exists both as NH4+ 
and as NH3 bound to a protonated histidine. 
The QM/MM simulations provide the following picture: As soon as NH4+ 
reaches site S2, the excess proton delocalizes in three tautomeric forms: 
NH4+···His168···His318, NH3···His168H+···His318, and 
NH3···His168···His318H+. The three forms are almost iso-energetic and exchange 
on the picosecond time scale: on average every ~1.5 ps between ammonia and 
His168 and every ~7.5 ps between His168 and His318. This charge-delocalized 
structure stabilizes the excess proton and may further increase the NH4+ affinity of 
the S2 binding site. 
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These findings suggest that the His168-His318 dyad, which is highly 
conserved among proteins of the Amt/MEP family, is essential for ammonium 
binding and deprotonation. This is consistent with the fact that mutants H168A, 
H168F, H318A and H318F are all inactive (10), as none of these variants can H-
bond to NH4+ and serve as general base for deprotonation. The H168E mutant, on 
the other hand, retains 25% of the wild-type activity (10,39), consistent with the 
fact that the two side chains have similar basicities (9.2 for acetic acid, versus 7.0 
for imidazole) and can form an H-bond with residue His318. We have performed 
two independent 30-ps unconstrained QM/MM simulations of the H168E mutant 
(where His168 is replaced by a neutral Glu, acting as H-bond donor to His318), 
which display a similar deprotonation process and fast proton movement across 
NH4+···Glu168···His318. This indicates that the deprotonation mechanism is 
robust and could be operating in fungal homologs having a Glu residue at position 
168 (48).  
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Figure 2.3 Potentials of mean force (PMFs) for proton transfer reactions 
involving ammonium in site S2: (a) from ammonium to His168, (b) from 
ammonium to pore water, and (c) from His168 to His318. Panel (d) illustrates the 
proton transfer reactions, and the arrows correspond to the reaction from left to 
right in each panel. The results from constrained and unconstrained QM/MM 
simulations are shown in solid and dashed lines, respectively. Reaction 
coordinates are defined as: RC = dN(amm)-H – dNε(His168)-H for panel (a), RC = 
dN(amm)-H – dO(wat)-H for panel (b), and RC = dNδ(His168)-H – dNδ(His318)-H for panel (c). 
Note the different energy scales in panels (a)–(c). Error bars in panels (a) and (b) 
are calculated from the block averaging of mean forces (66).  
 
2.2.4 NH3 diffusion along the protonated His168-His318 dyad  
The leaving of NH3 from S2 creates a more confined charge-delocalized 
structure that has only two protonation states: His168H+···His318 and 
His168···His318H+. These two states are almost equally populated (Figure 2.3.c), 
and alternate at a rate faster than the substrate diffusion process. The proton 
transfer between His168 and His318 has a time scale of ~7.5 ps, but not a single 
NH3 translocation event was observed in 60 ps of unconstrained QM/MM 
simulations. The NH3 substrate diffusing down the pore is therefore experiencing 
the field created by a mixture of both protonation states. 
PMFs of NH3 diffusion are calculated using the adaptive biasing force (ABF) 
method for both the “His168H+” and “His318H+” states (Figure 2.4). The two 
states give slightly different free energy profiles, but both display low energy 
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barriers to NH3 diffusion. The average PMF, representing the force actually 
experienced by the substrate, is shown as a dotted line in Figure 2.4.a. Note that in 
its neutral NH3 form, the substrate is more likely to leave site S2 by exchanging 
with a water molecule in the pore than re-crossing the Phe107/Phe215 gate 
(Figure 2.4.a). The overall diffusion process is essentially barrierless. 
 
 
Figure 2.4 PMFs for NH3 permeation after deprotonation at site S2. Two 
protonation states of the histidine side chains are considered: “His168 protonated” 
(solid-line PMF, snapshots A1 to A3) and “His318 protonated” (dashed-line PMF, 
snapshots B1 to B3). The reaction coordinate is the z-coordinate offset of 
ammonia from center of the Phe107 ring. The positions of sites Am2, Am3 and 
Am4 are from structure 1U7G (11).  
 
2.2.5 Re-protonation of NH3 at site S4 
 The excess proton is most likely to remain bound to the histidine side chains 
as long as sites S2 and S4 are occupied by water molecules, which are poor 
acceptors for the histidine protons (Figure 2.11.d). However, as soon as NH3 
reaches S4 the excess proton has a much higher probability of transfer. NH3 is 
more exposed to solvent in site S4 than in site S2. The ABF simulations show that 
NH3 is usually coordinated by one water molecule in S2 but by 2 to 3 water 
molecules in S4. This increase in polarity of the environment stabilizes the 
His318···NH4+ form over the His318H+···NH3 one (Figure 2.11.a). 
We investigated the re-protonation of NH3 in S4 using two independent 30-ps 
unconstrained QM/MM simulations, in which NH3 is initially placed at hydrogen-
bonding position from His318 and is allowed to move freely. The substrate is 
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most likely found at this position (Figure 2.5.c) but it occasionally moves away 
and binds His318 through a water molecule (Figure 2.5.d). This corresponds to 
the secondary density maximum of Fig. 5a, at Z ~ –6 Å. During the QM/MM 
simulations, proton transfer is observed for NH3 at both positions, directly or 
through a water bridge (Figure 2.12). In both cases the substrate remains in 
contact with the aromatic ring of Phe31, which may provide a stabilizing cation–π 
interaction for NH4+ on its way to the cytoplasm. The re-protonation of NH3 was 
further analyzed using constrained QM/MM simulations. The free energy barrier 
for the proton transfer from His318 to NH3 is 2.5 kcal/mol, and the free energy of 
reaction is 1.3 kcal/mol (Figure 2.11.e). 
As reported in Table 2.1, the calculated NH4+ binding affinity in site S4 is –8.6 
± 1.4 kcal/mol, corresponding to a dissociation constant of 2–290 µM. 
Considering that the internal NH4+ concentration is expected to be lower than the 
micromolar (32) (or even sub-micromolar (21)) extracellular concentration, this 
suggests that the average substrate occupancy of S4 is significantly lower than 
that of S1/S2. 
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Figure 2.5 Distribution of NH3/NH4+ near site S4 from 60 ps QM/MM 
simulations. Panel (a) shows the distribution of NH3/NH4+ and panel (b), the 
distribution of water. Positions are represented as in Figure 2.1.c. For reference, 
the density maxima from 1U7G and 1XQF crystal structures are shown as white 
and purple dots, respectively. Panel (c) is showing NH3 hydrogen bonding to 
His318 and panel (d) is showing NH3 indirectly hydrogen bonding to His318 
(through water). 
 
2.2.6 Coupling between NH3 and H+ transport  
While protonation states His168H+···His318 and His168···His318H+ are 
almost equally populated when the substrate occupies site S2 (see Figure 2.3.c), 
independent QM/MM simulations show that the “His318 protonated” state 
becomes increasingly stable as the substrate diffuses down the pore as NH3, from 
S2 to S4 (Figure 2.11.c). Therefore, the excess proton will likely be on His318 
when the substrate reaches the lower section of the pore, in position to be re-
protonated. While this suggests that the transport of NH3 and H+ is concerted, it is 
worth noting that any small molecule from the cytoplasm reaching S4 before NH3 
(such as HCO3– or HPO42–) could take the proton without disrupting the NH3:H+ 
transport stoichiometry. It is unlikely that the excess proton stored in the histidine 
dyad will be shuttled back to the periplasm after the departure of NH3 from S2, 
since here is no residue above His168 that can act as proton acceptor, and since 
the Phe107/Phe215 gate precludes the formation of a proton wire between S2 and 
S1. The transport of NH3 and H+ therefore appears to be coupled in a 1:1 
stoichiometry. 
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2.2.7 Reset of His168 and His318 protonation states 
 Each co-transport of a proton through the His168-His318 dyad takes the 
system from a “His168–H···His318–H” state, required for substrate deprotonation 
in S2, to a “H–His168···H–His318” state, that cannot bind NH4+ in S2 and is 
essentially inactive for NH3/H+ co-transport. For the transport cycle to repeat, the 
original protonation state of the histidines has to be restored. 
We have investigated a “reset” mechanism based on the formation of a 
transient water chain in the pore that creates a cyclic hydrogen bond network 
formed of two histidines and four or five water molecules between S2 and S4. 
Such transient conformation has been observed repeatedly in our free simulations 
of the “H–His168···H–His318” state. Once that cyclic proton wire (or “proton 
loop”) is formed, two opposite reaction pathways can be imagined: 1) a 
“hydronium” pathway, in which the proton from N! of His168 is transferred to 
the top water molecule in the pore, forming an unstable H3O+ ion that diffuses 
down the water chain according to a Grotthuss-like mechanism and transfers its 
excess proton to N! of His318; and 2) a “hydroxide” pathway, in which N! of 
His318 gets a proton from water, generating an OH– ion that diffuses up and 
receives the excess proton from N! of His168. 
Based on gas-phase ab initio calculations (Figure 2.13.a-c), the “hydroxide” 
pathway has a much lower energy barrier than the “hydronium” pathway, and is 
strongly favored. The detailed mechanism was investigated using constrained 
QM/MM simulations with five water molecules between S2 and S4. The free 
energy surface along the “hydroxide” pathway (Figure 2.6.a) shows an activation 
energy of 17.2 ± 0.5 kcal/mol and a shoulder corresponding to a OH– ion 
coordinated by three water molecules (Figure 2.6.c). Although four water 
molecules between S2 and S4 are sufficient to create a stable proton loop, the 
additional water molecule creates a full hydration shell around the hydroxide 
anion50 and results in a significantly lower free energy barrier (Figure 2.13.d). 
Although the reaction barrier is relatively high, similar or even higher barriers 
have been seen in many proton transfer processes in proteins (50-52).  
This “hydroxide” pathway is analogous to the “proton hole” mechanism 
proposed by Riccardi et al. (53) for a proton transfer between two imidazole 
moieties in solution. The “hole” is the deprotonated state of any mediating 
molecule (53) and, in the AmtB system, is transferred from His318 to His168 
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through bridging water molecules. We have also considered other resetting 
mechanisms but they all happen to be less likely. For instance, the His168 and 
His318 rings may rotate to be parallel or flip around to facilitate proton transfer. 
However, our calculations have shown that the rotation of the rings alone (before 
any proton transfer) has a free energy cost greater than 20 kcal/mol and results in 
no stable product state.   
To directly estimate the relative free energies of the “H–His168···H–His318” 
and “His168–H···His318–H” states, we have used PM/MM simulations to 
calculate the mutation free energy from one state to the other. The resulting free 
energy is +1.7 ± 0.8 kcal/mol, compared to +3.5 and –2.6 kcal/mol from the 
QM/MM simulations, depending on the specific structure of the water chain (see 
Figure 2.13). This confirms that the two His-His protonation states have 
comparable energies once the water molecules in the pore adopt their equilibrium 
configuration. 
This reset step is likely to have slow kinetics, and is possibly the rate-
determining step in the transport process. The experimental transport rate under 
nitrogen-limiting conditions is 10–10000 molecules per second (12), which can be 
converted to an overall activation energy of 12.5–16.6 kcal/mol, using Eyring’s 
rate theory with a pre-factor of 1.5 × 1013 s–1 derived from our simulations of the 
proton transfer reaction between His168 and His318 (see section “Mechanism of 
NH4+ deprotonation in S2”). The calculated barrier of 17.2 ± 0.5 kcal/mol for the 
reset of the protonation state of His168 and His318 is slightly above that range, 
but considering that concerted proton transfer reactions usually show enhanced 
nuclear quantum effects (54,55), the effective barrier is expected to be 2–6 
kcal/mol lower when zero-point energy and tunneling effect corrections are 
applied (56-58). The overall co-transport mechanism is therefore consistent with 
the experimental rate. 
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Figure 2.6 PMFs for proton transfer between His168 and His318 through a 
water chain calculated from QM/MM simulations in the protein environment. 
Panel (a) shows the free energy profile along two reaction coordinates, which are 
defined as RC1 = dO(water in S4)-H – dN(His318)-H and RC2 = dN(His168)-H – dO(water in S2)-H. 
Panels (b), (c), and (d) are snapshots for reactant A, intermediate B, and product C, 
respectively. The reaction coordinates are illustrated in panel (b). When RC1 is 
scanned, RC2 is fixed at 0.75 Å, and when RC2 is scanned, RC1 is fixed at 1.25 Å. 
Each point corresponds to a 5-ps constrained QM/MM simulation. 
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 2. 3 Conclusion 
We have investigated co-transport mechanisms for net ammonium (NH4+) 
transport through AmtB using polarizable mechanics/molecular mechanics 
simulations, QM/MM simulations, and ab initio calculations. The overall 
mechanism is summarized in Figure 2.7.a and the free energy levels along the 
transport cycle are shown in Figure 2.7.b. The free energy over the whole cycle is 
–1.9 kcal, which is an indication of the accuracy of our calculations. (In the 
absence of a trans-membrane potential, a perfectly-sampled simulation, performed 
using a consistent description of the atomic forces, would result in a strictly zero 
free energy difference over the cycle.) Our simulations show that site S1 provides 
a coordination that is highly selective for NH4+ over Na+ and K+ ions. They also 
show that NH4+ is stable in site S2, where it is involved in two cation–π 
interactions (with Phe205 and Trp212) and two hydrogen bonds (with His168 and 
one of the water molecules in the pore). First-principles calculations show that, 
once NH4+ reaches S2, the excess proton easily transfers to His168 and the 
complex NH4+···His168···His318 forms a charge-delocalized structure in which 
rapid proton movement is observed. After deprotonation, NH3 diffuses through 
the hydrophobic pore with almost no free energy barrier. Once it reaches site S4, 
the Phe31-coordinated substrate accepts a proton from His318H+ (either directly 
or through a bridging water molecule) and diffuses into the cytoplasm as NH4+. 
The deprotonation/diffusion/re-protonation of ammonium leaves the His168-
His318 pair in a protonation state that is inactive for the next co-transport cycle. 
To restore the initial state, a proton needs to transfer from His168 to His318 
through a chain of water molecules occupying the pore. This “histidine reset” 
mechanism involves a high-energy intermediate, as expected from the 
experimental turnover rate of AmtB, which is more in line with the rate of a 
conventional enzyme than of a channel. Contrary to other slow processes, such as 
the diffusion of NH4+ through the pore as a whole, which is kinetically irrelevant 
because NH4+ deprotonation in S2 is spontaneous, the “reset” step appears to be a 
kinetic bottleneck. 
Because of the technical challenge of measuring slow transport events, it 
remains unclear whether AmtB favors the transport of NH3 or NH4+ (9). Mutants 
F107A, W148A, and S219A are all more active than the wild-type protein (9). 
Even the triple mutant F107A/W148A/S219A, for which all residues coordinating 
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the substrate in S1 are displaced, is slightly more active than the wild type (9). 
This clearly shows that S1 is not essential for the activity. According to most 
propositions for a neutral (NH3) permeation mechanism, site S1 is important for 
the recruitment and deprotonation of NH4+. None of these functions are likely to 
play out the same in the triple mutant. Furthermore, mutagenesis studies show that 
all residues surrounding site S2 are important for the activity (10). Mutants of 
F215, W212, and H168 are mostly inactive, with the exception of W212F and 
H168E. Both of these active mutants are still functional in the NH3/H+ co-
transport mechanism we are proposing. 
The electrogenic mechanism presented here does not exclude that 
electroneutral transport might also take place. However, it illustrates the most 
plausible pathway for the transport of the charged NH4+ in the Amt/MEP family 
of proteins, and highlights the role of the two histidines lining the pore. Our 
calculations also show that a glutamic acid residue in position 168 could play the 
same role, suggesting that Saccharomyces cerevisiae’s Mep1 and Mep2 (48) (in 
which His168 is replaced by Glu) may also exploit this mechanism.  
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Figure 2.7 Schematic illustration of the NH3/H+ co-transport cycle. Panel (a) 
shows the scheme of the transport mechanism. Each state is labelled according to 
the positions of NH4+/NH3 in the pore. NH4+ in site S2 transfers its excess proton 
to the His168-His318 dyad. After deprotonation, NH3 can diffuse down the pore 
into S4 binding site, where it can receive the excess proton from His318. Once 
NH4+ moves out of the pore (state bulk′), the protonation state of the His168-
His318 dyad is reset by a concerted proton transfer through a water chain in the 
pore. Areas in blue represent water-accessible regions. Curved red arrows 
represent proton transfer and straight red arrows represent substrate diffusion. 
Panel (b) shows the free energies (in kcal/mol) of the most important structures in 
the transport process. The first and the last state are the same in the 
thermodynamic cycle. The difference in their energy levels is due to the 
computation errors throughout the process. 
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 2. 4 Experimental Details 
 
2.4.1 Simulation System Preparation 
 The AmtB monomer structure used in this work is based on the X-ray 
structure determined by Khademi et al (11). (Protein Data Bank ID: 1U7G). Three 
mutated residues (F68S, S126P, and K255L) in 1U7G are modified back to their 
native states. Both His168 and His318 are neutral. We use the “His168–
H···His318–H” protonation state for the initial structure, based on our previous 
simulation study (30) showing that this state reproduces the experimental density 
(12) inside the pore much more accurately than the reverse “H–His168···H–
His318” state. The Membrane Builder tool of CHARMM-GUI (51) is then used to 
add a lipid bilayer and a water box with dimensions of 92.3 Å × 77.4 Å × 91.2 Å 
around the monomer. Specifically, 185 dimyristoylphosphatidylcholine (DMPC) 
molecules (94 on the periplasmic side and 91 on the cytoplamic side) and 13111 
TIP3P water molecules (51) are added, and the system is neutralized by adding 34 
K+ and 36 Cl– ions, corresponding to 0.1 M salt concentration. All simulations are 
equilibrated for at least 200 ps before data collection.  
 
2.4.2 Molecular Dynamic (MD) Simulations 
 MD simulations are performed with the CHARMM program (52), using a 
hybrid polarizable mechanics/molecular mechanics (PM/MM) description of the 
system. NH4+ and surrounding water molecules and protein side chains are 
described by a polarizable force field based on the classical Drude oscillator (53-
56), and parameterized to reproduce both the free energy of hydration and the ion-
protein interactions. The rest of the system is described by the non-polarizable 
CHARMM param27 force field (57). See Appendix and Figure 2.10 for details. 
 
2.4.3 Binding Free Energy Calculations 
 Relative binding free energies (∆∆Gbind) are calculated using the standard 
thermodynamic integration method (58), as combinations of free energies of 
mutation of NH4+ to H2O at S1, S2, S4, and in bulk water. Mutations are 
performed using a hybrid residue that corresponds to the NH4+ polarizable model 
when λ = 0 and to the SWM4 water model when λ = 1 (see Figure 2.10.d). The 
transition of λ from 0 to 1 is split into 12 windows: 0, 0.05, 0.15, 0.25, 0.35, 0.45, 
Chapter 2: Ammonium transport in AmtB 
 47 
0.55, 0.65, 0.75, 0.85, 0.95, and 1. Each window corresponds to an independent 
simulation that includes 100 ps of equilibration and 100 ps of data collection. Five 
independent calculations are performed in order to get more reliable results and to 
estimate errors. The free energy calculations in the protein (∆!!"#!"#$ ) use 
polarizable force fields as described in the previous section. Free energies of 
hydration (∆!!"#!"#) are calculated in a periodic system of 2000 SWM4 water 
molecules. The solvent box is large enough that the resulting solvation free 
energies show no system-size dependency. Since the system is periodic, the free 
energies do not contain a contribution from the air-water interface (68).  
 
2.4.4 Quantum Mechanics/Molecular Mechanics (QM/MM) Simulations 
 QM/MM simulations are performed using the CP2K program (59). The 
details of the CP2K setup can be found in SI. All initial structures used in 
QM/MM simulations are equilibrated by PM/MM simulations for at least 1 ns. 
The QM region includes NH4+, the surrounding side chains, and water molecules 
in the hydrophobic pore. The QM box is approximately 14 Å × 18 Å × 22 Å, 6 to 
8 Å larger than the extent of the QM fragments in each direction. 
 
2.4.5 Constrained QM/MM Simulations 
 Potentials of mean force (PMFs) of proton transfer reactions are calculated 
using constrained QM/MM molecular dynamics simulations. The reaction 
coordinate for a proton transfer, X, is defined as the difference in distances from 
the proton to the two heavy atoms involved in the hydrogen bond. The range of X 
is divided into nine windows (–1, –0.75, –0.5, –0.25, 0, 0.25, 0.5, 0.75, and 1 Å) 
and individual QM/MM simulations are performed for each window with X fixed 
using a Lagrange multiplier. The constraint forces are collected and then 
integrated over the full range of X to generate the PMF.  
 
2.4.6 Adaptive biasing force (ABF) simulations  
PMFs for NH3 permeation in the hydrophobic pore are calculated using the 
ABF method (60-63), implemented in the NAMD program (64). CHARMM 
param27 force field (57) is used for all residues and water, and OPLS model (65) 
is used for NH3. Two PMFs are calculated: one with charged His168 and neutral 
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His318 and the other with neutral His168 and charged His318. The reaction 
coordinate is the Z-coordinate offset of NH3 from the center of the phenyl ring of 
Phe107. NH3 is forced to move within the range RC = 4.5 to 17.0 Å. For each 
PMF, the system is equilibrated for 1 ns and data is collected for 30 ns. 
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 2. 6 Appendix 
 
2.6.1 Parameterization of polarizable force field 
2.6.1.1 Method 
Polarizable models based on the classical Drude oscillator have been 
developed for water (1,2), aromatic compounds (3,4), amides (5), alcohols (6), 
and ions (7,8). We are extending these models to describe the interaction of some 
of these compounds with Na+, K+, and NH4+ [see Figure 2.8.a]. Polarizable 
models for the interaction of Na+, K+, and NH4+ with water have been reported 
previously (7). Optimization of the force field follows the procedure reported 
previously (7). It is based on adjusting pair-specific Lennard-Jones (LJ) 
parameters between atoms of ions (Na+, K+, and NH4+) and a few atoms of the 
interacting compounds, in order to reproduce the ab initio complexation energies. 
Atoms selected for parameterization are those directly involved in the 
complexation and, if necessary, the nearby carbon. A non-atomic site (X) 
described in our previous study (7) is found necessary to model the interactions of 
Na+ and NH4+ with toluene. Similar sites are also required to model the interaction 
of the three ions with phenol and the interaction of NH4+ with indole and 3-
methylindole. The non-atomic sites X are massless particles at the center of the 
six-membered ring with no electric charge and no LJ parameters other than the 
pair-specific LJ parameters with ions. 
Pair-specific LJ parameters between the ions and atoms of the ligands are 
adjusted to reproduce the ab initio interaction energies. To simplify the 
optimization process, the pair-specific LJ parameters between different pairs of 
interacting atoms are set equal in some complexes (see Table 2.2 and Table 2.3). 
Optimization is first performed on the interactions of the ions with the “un-
methylated” compounds, and the transferability of the optimized parameters to 
methylated compounds is then tested. Although the “un-methylated” parameters 
perform generally well, they are further adjusted to model ab initio results more 
closely. Numerical optimization of the pair-specific LJ parameters is performed 
following our previously reported protocol (7).  
2.6.1.2 Geometry optimization 
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Full geometry optimizations of the complexes between these ligands and the 
three cations Na+, K+, and NH4+ are performed at the MP2(FC)/6-311++G(d,p) 
level using Gaussian 09 program (9). Geometry optimization is performed without 
imposing any symmetry constraints, except for complexes of NH4+ with imidazole 
and 4-methylimidazole, which are optimized constraining the ammonium NH 
bonds at their gas-phase values. This constraint is applied in order to avoid the 
transfer of the proton from NH4+ to N1 of imidazole or 4-methylimidazole. The 
interaction energies are corrected for basis set superposition error (BSSE) using 
the Boys and Bernardi counterpoise technique (10). Potential energy surfaces 
(PESs) are computed at the same level of theory and all interaction energies are 
corrected for BSSE. The surfaces are computed with rigid monomers in their gas-
phase optimized geometries, by scanning the intermolecular distances between the 
ions and ligands. 
Table S1 lists the BSSE-corrected and uncorrected interaction energies in all 
optimized complexes as well as the interaction energies obtained from the 
optimized polarizable potential models.  
Geometry optimization of Na+, K+, and NH4+ complexes with the 9 studied 
compounds is performed starting from different plausible conformations. The 
optimized geometries of the complexes are reported in Figure 2.8.b for Na+ and 
K+ and in Figure 2.8.c for NH4+. Ions bind preferably to electronegative oxygen 
and nitrogen atoms, but are involved in strong cation–π interactions as well (see 
structures c, d2, e2, f, and g of Figure 2.9 and Figure 2.10). 
Only one minimum energy conformer is observed for ethanol, NMA, and 
toluene complexes with the three cations (see Figure 2.9 a, b, c and Figure 2.10 a, 
b, c). Two minimum energy conformers are found in the interaction of the cations 
with phenol and p-methylphenol, with cations interacting either with O atom 
(Figure 2.9 d1, e1 and S3 d1, e1) or with the π cloud (Figure 2.9 d2, e2 and S3 d2, 
e2). As seen in conformers d1 and e1 in both figures, the interaction of the ions 
with O results in bending of the phenolic hydrogen out of the ring plane, in the 
opposite direction of the cation. Table S1 shows that interaction of the ions with O 
results in a more stable conformer compared to interaction with the π cloud, in 
agreement with previous computational study (11). Only one minimum energy 
conformer is found in the interaction of the cations with indole (Figure 2.9 f and 
Figure 2.10 f) and 3-methylindole (Figure 2.9 g and Figure 2.10 g), with the 
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cation centered on top of the six membered ring, in agreement with previously 
reported ab initio results (12). The interaction of the cations with imidazole 
(Figure 2.9 h and Figure 2.10 h) and 4-methylimidazole (Figure 2.9 i and Figure 
2.10 i) gives one stable conformer in which the cation interacts with N1 rather 
than the π cloud, in accord with previous calculations (12).  
Free optimization of NH4+ in complex with imidazole or 4-methylimidazole 
results in spontaneous proton transfer from the ion to the ligand. Complexes h and 
i in Figure 2.8.c are therefore obtained by constraining the NH bonds of NH4+ to 
the gas-phase optimized length (1.024 Å). Though proton transfer occurs readily 
in the gas phase, such transfer does not occur in aqueous solutions. For example 
no proton transfer is observed in a free optimization of the complex in which 
NH4+ is hydrogen bonded to imidazole and three water molecules [Figure 2.8.c j]. 
The constrained optimizations aim to optimize potential models for NH4+ 
interactions with the two ligands. 
In all NH4+–π complexes [Figure 2.8.c c, d2, e2, f, and g], NH4+ is oriented 
such that N is on top of the center of the six-membered ring (X) with an X···N–H 
angle in the range 26–37º. This is in agreement with our previous results for the 
NH4+–benzene complex (7), where the global minimum conformer is found 
between the unidentate and bidentate conformers. 
 
 
 
 
 
2.6.2 Potential energy surfaces 
Ab initio calculated PESs for Na+, K+, and NH4+ in complex with all studied 
compounds are reported in Figure 2.8.b (dashed lines). Curves (a) and (b) are 
calculated by scanning the distance between the center of mass (CM) of the ion 
and O of ethanol and NMA, respectively. Curves (c), (d), (f), (h), and (i) are 
calculated by scanning the distance between the CM of the ion and the center of 
the six-membered ring in toluene, phenol, p-methylphenol, indole, and 3-
methylindole, respectively, with NH4+ being oriented in a unidentate conformation. 
Curves (e) and (g) are calculated for the complexes of the ions with phenol and p-
methylphenol, in which the geometry of the complex corresponds to the global 
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minimum conformers and the scan involved the distance between CM of the ion 
and the O atom. PESs for the cations in complex with imidazole, (j), and 4-
methylimidazole, (k), are calculated by the scan of the distance between the CM 
of the ion and N1 in the interacting ligand. 
 
2.6.3 Optimized force field 
Table 2.3 and Table 2.4 summarize the optimized pair-specific LJ parameters 
of the polarizable models. Parameters for NH4+–toluene complex are those 
previously optimized for benzene–NH4+ interaction (7). The optimized parameters 
for NH4+–benzene interaction are found transferable to NH4+–toluene complex 
and no further adjustment is required. Figure S4 shows the excellent agreement 
between the PESs calculated using the optimized models (solid lines) and those 
from the MP2(FC)/6-311++G(d,p) calculations (dashed lines), especially near the 
equilibrium intermolecular distances. Table 2.2 lists the complexation energies of 
the global minimum conformers obtained using the optimized models (EMM) 
which are in close agreement with the ab initio BSSE-corrected (ECP) 
complexation energies. The slight underestimation of the complexation energy of 
cations with phenol and p-methylphenol (see Table 2.2) is due to the original 
force field not reproducing the bending of the phenolic hydrogen observed in the 
ab initio calculations. 
 We also examined the transferability of the optimized model for NH4+–
imidazole to the complex of the ion with imidazole and three water molecules. 
The model gives –23.64 kcal/mol for the complexation energy of NH4+(H2O)3 
with imidazole, in good agreement with –21.89 kcal/mol from the MP2(FC)/6-
311++G(d,p) calculations. 
 
2.6.4 AmtB simulation system 
The simulation system is shown in Figure 2.10.a For molecular dynamics 
(MD) simulations of Na+, K+, or NH4+ in the periplasmic binding site S1, the side 
chains of amino acids Phe103, Phe107, Trp148, Phe215, and Ser219, as well as 
two water molecules near the ion, are represented by the polarizable force field, as 
shown in Figure 2.10.b. For simulations of NH4+ in site S2, the side chains of 
amino acids Phe107, His168, Trp212, Phe215, His318, and four water molecules 
that have entered the pore from the cytoplasmic site are made polarizable, as 
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shown in Figure 2.10.c. These residues are selected because they are the nearest 
neighbors to the ions in the binding sites. Both Phe107 and Phe215 are treated 
with polarizable models because their side chains form a parallel displaced 
arrangement that results in additional stabilization due to the cooperation between 
cation–π and π–π interactions (7,13).  
Parameters of the polarizable amino acids side chains are taken from the 
studied model compound (3-6): –CH2-OH from ethanol for Ser219; –CH2-C6H5 
from toluene for Phe103, Phe107, and Phe215; –CH2-C8H6N from 3-methylindole 
for Trp148 and Trp212; and –CH2-C3H3N2 from 4-methylimidazole for His168 
and His318. Those polarizable fragments are linked to the α carbons of the 
corresponding residues. To keep the fragment electrically neutral, the charge on 
the H atom removed from the model compound is transferred to the carbon atom. 
All bonded parameters between polarizable and non-polarizable atoms are taken 
from CHARMM param27 parameters (14).  
While the interaction of the ions with neighboring amino acid side chains are 
described by the polarizable force field, CHARMM param27 parameters (along 
with the TIP3P water model (15)) are used for other interactions. Because the 
Drude oscillator model is based on point charges, the electrostatic interactions 
between the polarizable and non-polarizable fragments are described in a 
transparent way, as charge–charge interactions. 
 
2.6.5 Free energy calculations 
To maintain a constant number of interaction sites throughout the alchemical 
transformation, special hybrid residues are used [Figure 2.10.d]As described in 
our previous studies (7), these residues are created by bonding one fragment 
representing the first ion with a second “dummy” fragment representing the 
second ion. A force constant of 5 kcal/mol/Å2 is assigned to the tether between the 
two fragments. The ligand mutation involves a linear variation of the non-bonded 
parameters.  
A weak restraint potential is imposed on the ion to prevent large drifts away 
from the binding site and to allow for reliable estimation of relative binding free 
energies. The 1U7G crystal structure (16) of AmtB is showing the center of mass 
(CM) of NH4+ in site S1 at distances of 2.50 and 2.84 Å from oxygen atoms of the 
nearest two water molecules, at distance 3.46 Å from atom CE2 of Phe107, and at 
Chapter 2: Ammonium transport in AmtB 
 62 
distance 3.82 Å from atom CE2 of Trp148 (atom CE2 in Phe107 corresponds to 
C3 or C5 in toluene, while it corresponds to C9 in 3-methylindole). We thus apply 
a potential of 5 kcal/mol/Å2 at distances higher than 3.0 Å between the CM of the 
ion (Na+, K+, or NH4+) and the oxygen atoms of the two polarizable water 
molecules. A similar potential is applied at distances larger than 4.5 Å between 
the CM of the ion and atom CE2 of Phe107 or Trp148. Ammonium in site S2 of 
the 1U7G structure is 3.44 Å away from atom NE2 of His168 and 4.17 Å away 
from atom NE1 of Trp212 (atoms NE2 and NE1 in His168 and Trp212, 
respectively, correspond to atoms N1 in 4-methylimidazole and N1 in 3-
methylindole, respectively). A similar potential is thus applied at distances larger 
than 4.0 and 5.0 Å between the CM of NH4+ and atoms NE2 of His168 and NE1 
of Trp212, respectively. In our simulations, we have observed that the average 
distances between the above mentioned atoms are well below the restraint 
distances, and they seldom go beyond the restraints. The same constraints are 
applied for Na+ and K+ simulations. 
 
2.6.6 Polarizable mechanics/molecular mechanics (PM/MM) simulations 
setup 
 
When NH4+ is placed in S1, two polarizable SWM4 water molecules (1) are 
positioned at hydrogen bonding distance of NH4+. The polarizable region includes 
NH4+, the surrounding side chains (F103, F107, F215, W148 and S219), and the 
two hydrogen-bonding water molecules. When NH4+ is placed in S2, the 
polarizable region includes NH4+, the surrounding side chains (F107, H168, W212, 
F215 and H318), and three to four SWM4 water molecules in the hydrophobic 
pore. When NH4+ is placed in S4, the polarizable region includes the side chains 
of H168, H318 and F31, as well as five SWM4 water molecules in the pore and 
below S4. After NH4+ is added, a K+ ion is removed from the bulk solution so that 
the system remains neutral. In all simulations, periodic boundary conditions are 
applied, and electrostatic interactions are computed using particle-mesh Ewald 
method (17) with 1.0 Å grid spacing. The van der Waals interactions are cut off at 
12 Å. Velocity Verlet integrator is used and integration time step is 1 fs. All 
covalent bonds with hydrogen are fixed using the RATTLE/Roll algorithm (18). 
Modified, dual-thermostat Andersen–Hoover equations are used to maintain 
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constant temperature and constant pressure (1 atm) (19). Atoms are kept at 298.15 
K and Drude oscillators at 1.0 K. 
 
2.6.7 QM/MM simulations setup 
All QM/MM simulations are performed using the CP2K program (20). The 
interaction energy of the QM region is calculated with the Quickstep module (21). 
The wavefunctions are described by plane waves augmented with a triple-zeta 
Gaussian basis set with p-type and d-type polarization functions (22). The plane 
waves are cut off at 300 Ry and the core electrons are described by Goedecker–
Teter–Hutter pseudopotentials(23,34). BLYP functional (25,26) is used to 
compute the exchange and correlation energy. For the MM region, the interaction 
energy is calculated with the FIST module (20) and the CHARMM param27 force 
field (14) is used. Langevin dynamics (27) is used to control the temperature at 
298.15 K. The friction coefficient is set at 0.004 fs–1 for the first 2 ps in order to 
quickly thermalize the system, and then changed to 0.0005 fs–1. The QM periodic 
images are decoupled using atomic point charges derived from electron density 
(28). The electrostatic coupling between the QM and MM regions is computed via 
a real space multigrid procedure (20). IMMOM link atom approach (29) is used to 
treat the linkage between the QM and MM regions (i.e., between the Cβ’s and the 
Cα’s of the side chains). 
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Figure 2.8. Compounds and structures used in parameterization. Panel (a) 
shows the diagrams of the nine compounds studied in complex with Na+, K+, and 
NH4+. Benzene–ion and water–ion complexes have been described in previous 
work (7). Panel (b) shows the optimized geometries for complexes of Na+ with: a, 
ethanol; b, N-methylacetamide; c, toluene; d, phenol; e, p-methylphenol; f, indole; 
g, 3-methylindole; h, imidazole; and i, 4-methylimidazole. Parameters for 
corresponding K+ complexes in parentheses. Panel (c) shows Optimized 
geometries for complexes of NH4+ with: a, ethanol; b, N-methylacetamide; c, 
toluene; d, phenol; e, p-methylphenol; f, indole; g, 3-methylindole; h, imidazole; 
and i, 4-methylimidazole. Structure j is showing optimized geometry of the 
imidazole–NH4+(H2O)3 complex 
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Figure 2.9 Potential energy curves calculated using ab initio MP2(FC)/6-
311++G(d,p) theory (“QM”, dashed lines) and Drude oscillator models (“MM”, 
solid lines) for the interaction of Na+, K+, and NH4+ with: (a) ethanol; (b) NMA; 
(c) toluene; (d,e) phenol; (f,g) p-methylphenol; (h) indole; (i) 3-methylindole; (j) 
imidazole; and (k) 4-methylimidazole 
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Figure 2.10 Panel (a) shows AmtB membrane protein model (unit cell) for 
molecular dynamics simulations. The structure of AmtB monomer is shown in 
yellow cartoon. Atom colors are red for oxygen, blue for nitrogen, cyan for carbon, 
white for hydrogen, orange for potassium, and green for chloride. Panel (b) shows 
a snapshot from MD simulations showing ammonium ion in site S1 and 
surrounding residues. Atom colors are red for oxygen, blue for nitrogen, cyan for 
carbon, and white for hydrogen. Non-atomic sites in Phe and Trp side chains are 
presented as pink spheres and non-polarizable segments of the amino acids are 
colored in violet. Panel (c) shows a snapshot from MD simulations showing 
ammonium ion in S2 and surrounding residues. Colors are as in Figure S1. Panel 
(d) shows the ligand transformations involved in the free energy calculations. 
Fragments in red are “real” while those in black are “dummy”. 
 
Chapter 2: Ammonium transport in AmtB 
 67 
 
Figure 2.11 Ab initio energy profiles [panels (a) and (b)] and QM/MM PMFs 
[panels (c), (d) and (e)] for proton transfer reactions. Panels (a) and (b) show the 
ab initio energy profiles for proton transfer from ammonium to imidazole and 
from ammonium to water, respectively, calculated at the MP2(FC)/6-311++(d,p) 
level using Gaussian 09 (9). The reaction coordinate is defined as RC = dN(amm)-H – 
dN(imid)-H for panel (a) and as RC = dN(amm)-H – dO(wat)-H for panel (b). In panel (a), 
RC ~ –0.5 Å corresponds to the ammonium–imidazole complex and RC ~ +0.6 Å 
corresponds to the ammonia–imidazolium complex. The energy profiles are 
shown in solid lines for MP2 in vacuum, in dotted lines for MP2 embedded in a 
polarizable continuum model (PCM) of liquid benzene (73), and in dashed lines 
for MP2 in a PCM of liquid water. Panels (c), (d) and (e) show the QM/MM 
PMFs for proton transfer from His168 to His318, from His318 to water in S4, and 
from His318 to NH3 in S4, respectively. For panels (d) and (e), the His168–
His318 histidine pair is positively charged in the reactant state. PMFs for proton 
transfer reactions from His318 to water and His318 to NH3 are calculated from 
constrained QM/MM simulations, using reaction coordinates RC = dN(His318)-H – 
dO(water)-H and RC = dN(His318)-H – dN(NH3)-H. PMFs for proton transfer between 
His168 and His318 as a function of the substrate position in the pore are obtained 
from unconstrained QM/MM simulations, using reaction coordinate RC = 
dN(His168)-H – dN(His318)-H. Each PMF is collected from two independent 30-ps 
QM/MM simulations. 
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Figure 2.12 QM/MM snapshots for proton transfer from protonated His318 to 
NH3. Panel (a) shows the direct proton transfer and panel (b) shows the proton 
transfer through a bridging water molecule. The snapshots are time-ordered from 
left to right, and separated by ~10–20 fs. 
 
Figure 2.13 Ab initio 2D energy profile [panels (a)-(c)] and QM/MM PMFs 
[panel (d)] for the proton transfer reaction between His168 and His318 through a 
water chain. Panels (a), (b) and (c) are results from a gas-phase model calculated 
at the B3LYP/6-311++(d,p) level using Gaussian 09 (9). The distance between the 
methyl carbons is fixed at the crystal structure value of 4.34 Å. Panel (a) shows 
the 2D energy surface (in kcal/mol). Points A, B, and C are reactant, intermediate, 
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and product, respectively. Panel (b) shows the 1D energy profile along reaction 
coordinate 2 (from reactant to intermediate) and reaction coordinate 1 (from 
intermediate to products). Panel (c) shows the structures of A, B, and C. The 
reaction coordinates are defined as: RC1 = dN(His168)-H – dO(Top water)-H and RC2 = 
dO(Bottom water)-H – dN(His318)-H. Panel (d) shows PMFs for proton transfer between 
His168 and His318 through a water chain calculated from QM/MM simulations in 
the protein environment. There are four water molecules between S2 and S4 for 
the dashed-line profile, and five for the solid-line profile. The reaction coordinates 
are defined as RC1 = dO(water in S4)-H – dN(His318)-H and RC2 = dN(His168)-H – dO(water in 
S2)-H. When RC1 is scanned, RC2 is fixed at 0.75 Å, and when RC2 is scanned, 
RC1 is fixed at 1.25 Å. Each point corresponds to a 5-ps constrained QM/MM 
simulation.  
2.6.8 Tables 
 
Table 2.2 BSSE-corrected and uncorrected complexation energies (ECP and E, 
respectively, in kcal/mol) and the interaction energies calculated by the optimized 
potential models (EMM, in kcal/mol). 
Molecule Na+ K+ NH4+ 
E ECP EMM E ECP EMM E ECP EMM 
Ethanol –27.64 –26.48 –26.48 –21.31 –20.21 –20.21 –27.00 –25.02 –24.94 
NMA –39.15 –38.25 –38.25 –31.48 –30.36 –30.40 –39.10 –36.92 –36.95 
Benzenea –24.00 –21.08 –21.04 –19.58 –17.14 –17.01 –19.78 –17.58 –17.56 
Toluene –25.77 –22.96 –22.98 –21.25 –18.79 –18.80 –21.45 –18.92 –19.06 
Phenol                   1 
                              2  
–26.16 –24.46 –22.25 –21.52 –19.59 –17.42 –24.90 –22.41 –19.30 
–24.49 –21.75 –22.30 –20.37 –18.01 –18.14 –20.67 –18.08 –18.64 
p-methylphenol     1 
                              2  
–27.60 –25.97 –24.98 –22.89 –21.04 –19.02 –26.24 –23.82 –21.52 
–26.05 –23.37 –23.85 –21.96 –19.45 –20.26 –22.35 –19.71 –20.24 
Indole –30.45 –27.48 –27.40 –25.75 –23.22 –23.24 –26.80 –24.06 –24.06 
3-methylindole –31.48 –28.51 –28.55 –26.83 –24.08 –24.10 –27.45 –24.60 –24.60 
Imidazole –36.33 –35.28 –35.29 –28.28 –27.09 –27.10 –34.14 –32.61 –32.62 
4-methylimidazole –38.42 –37.37 –37.40 –30.08 –28.86 –28.90 –36.19 –34.62 –34.65 
 
a from reference 7 
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Table 2.3 Pair-specific LJ parameters between atoms of the interacting ligands and of Na+, K+, and NH4+ 
 
a Parameters from reference 7 
b Parameters for interaction with NH4+ are same as for benzene (7). 
c Obtained from alkali potassium (8) and imidazole (9) parameters using the Lorenz–Berthelot mixing rules 
d Obtained from ammonium (7) and ethanol (6) parameters using the Lorenz–Berthelot mixing rules 
e Obtained from ammonium (7) and imidazole (3) parameters using the Lorenz–Berthelot mixing rules 
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Table 2.4 Average distances (in Å) from ammonium to surrounding residues 
and water in S1. For ammonium, water and S219, the positions are represented by 
nitrogen, oxygen, and hydroxyl oxygen, respectively. For F103, F107 and W148, 
the positions are represented by the center of their six-membered rings. 
Residue or 
molecule Mode 1 Mode 2 Exp.
a 
S219 2.8 5.0 2.8 
F107 3.7 3.2 4.2 
F103 5.9 4.1 5.5 
W148 4.2 5.0 3.9 
Wat1 2.8 2.8 2.8 
Wat2 2.8 2.8 2.5 
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This chapter was published in the Biochemistry Journal (2013, 52, 7091-7098) 
by the following authors: Sefer Baday, Shihao Wang, Simon Bernec̀he, and 
Guillaume Lamoureux. 
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 3. 1 Abstract 
The ammonium transporters of the Amt/Rh family facilitate the diffusion of 
ammonium across cellular membranes. Functional data suggest that Amt proteins, 
notably found in plants, transport the ammonium ion (NH4+) while human rhesus 
(Rh) proteins transport ammonia (NH3). Comparison between the X-ray structures 
of the prokaryotic AmtB, assumed to be representative of Amt proteins, and the 
human RhCG reveals important differences at the level of their pore. Despite 
these important functional and structural differences between Amt and Rh 
proteins, studies of the AmtB transporter have led to the suggestion that proteins 
of both subfamilies work according to the same mechanism and transport 
ammonia. We performed molecular dynamics simulations of the AmtB and RhCG 
proteins under different water and ammonia occupancy states of their pore. Free 
energy calculations suggest that the probability of finding NH3 molecules in the 
pore of AmtB is negligible in comparison to water. The presence of water in the 
pore of AmtB could support the transport of proton. The pore lumen of RhCG is 
found to be more hydrophobic due to the presence of a phenylalanine conserved 
among Rh proteins. Simulations of RhCG also reveal that the signature histidine 
dyad is occasionally exposed to the extra-cellular bulk, which is never observed in 
AmtB. These different hydration patterns are consistent with the idea that Amt 
and Rh proteins are not functionally equivalent and that permeation takes place 
according to two distinct mechanisms. 
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 3. 2 Introduction 
Proteins from the Amt/Rh family facilitate the transport of ammonium across 
cellular membrane. Functional studies have generally suggested that members of 
the Amt subfamily, notably found in plants, transport the ammonium ion (NH4+) 
(1-4), while the mammalian Rh proteins conduct ammonia (NH3) (5,6).  
The elucidation of the structure of the prokaryotic AmtB transporter, the first 
in the Amt/Rh family, has brought essential new insights toward the 
understanding of the function of ammonium transporters (7,8). Nevertheless, the 
mechanism of transport and the substrate of AmtB itself remain a matter of debate 
with important consequences since AmtB is often considered as an archetype of 
the Amt subfamily. A close examination of the structural and functional data 
reveals many incompatible observations. On the basis of X-ray diffraction data, it 
was suggested that the pore of AmtB is occupied by ammonia molecules diffusing 
in single file (7). Electronic density was however also observed in crystals grown 
in absence of ammonium salt, arguing against the above conclusion (9). While 
different functional studies based on transport assays, growth experiments, and pH 
measurements led to the suggestion that AmtB transports ammonia (7,10), a 
critical assessment of these different approaches shows the difficulties in applying 
such measurements to AmtB and in interpreting the available data (11). A 
mutational study has also highlighted the specific chemistry essential to transport 
in AmtB, supporting the idea of strong interactions with an ammonium ion rather 
than with neutral ammonia (12). Incomplete or partial analyses of the available X-
ray and functional data on AmtB have led to an amalgam between the function of 
Amt and Rh proteins, which are now often both described as “ammonia 
channels”. 
Comparison of the X-ray structures of the AmtB (7) and RhCG (13) pores 
reveals significant differences (Figure 3.1). While the two transporters share the 
same overall pore architecture, some residues at key positions differ (14). First, 
the two phenylalanine residues forming a gate at the entrance of the pore lumen 
do not adopt the same conformation in the crystals of the two proteins. Whether 
this apparent difference is functionally important is unknown. Second, a threonine 
(Thr273) is found at the entrance of the pore lumen of AmtB, above the histidine 
dyad. Electronic density in that region of the pore was observed in RhCG crystals 
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and attributed to a water molecule. While both the threonine side chain and the 
water molecule present a hydroxyl group at similar positions, their mobilities are 
different and can potentially differentiate the two pores. Finally, in RhCG a 
phenylalanine (Phe74) occupies a large portion of the pore at the level of the two 
signature histidine residues, while the pore of AmtB is unobstructed. 
Among contentious elements is the possible presence of water molecules in 
the pore lumen of the ammonium transporters (15). As we demonstrated in a 
previous study, water molecules in the pore can stabilize the charged NH4+ and 
transport proton, allowing for electrogenic transport in AmtB (16). Water 
molecules could thus be determinant for the transport mechanism. 
To better understand the similarities and differences between the Amt and Rh 
proteins, we perform molecular dynamics simulations of the AmtB and RhCG 
proteins. More specifically we compare the ammonia and water occupancy in the 
pore of the two transporters. The simulations uncover important differences, 
notably at the level of the pore lumen which is hydrophobic in RhCG but 
hydrophilic in AmtB. The RhCG simulations also reveal a pore exposing the 
histidine dyad to extracellular bulk water. Our study suggests that two distinct 
mechanisms sustain ammonium permeation in Amt and Rh proteins. 
 
Figure 3.1 Details of the pore of the AmtB (a) and RhCG (b) proteins (PDB 
entries 1U7G and 3HD6). a) Electronic density in the pore lumen of AmtB was 
attributed to three ammonia molecules putatively diffusing in single file. b) In 
RhCG, electronic density just above His185 was attributed to a water molecule. In 
both schemes, the extracellular side is upward. 
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 3. 3 Results 
 
3.3.1 Stability of ammonia molecules in the pore of AmtB 
To first investigate the stability of ammonia molecules in the pore of AmtB, 
we performed a simulation of the AmtB trimer starting with three ammonia 
molecules placed in each pore at positions corresponding to experimental electron 
density maxima. In all monomers, all three ammonia molecules leave the pore: 
Some after only a few nanoseconds of simulation, other after 80 or 90 ns. At the 
end of the simulation, the pores of two of the three monomers are filled with three 
or four water molecules (Figure 3.2.a). In monomer A, in the last few 
nanoseconds of the 100-ns simulation, a water molecule inserts between the two 
histidines residues. A similar conformation is more extensively sampled in 
another simulation (Figure 3.3.c; see below). Overall, the trajectories presented in 
Figure 3.2 show that ammonia molecules are metastable in the AmtB pore and are 
replaced by water molecules on the timescale of the simulation. 
. 
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Figure 3.2 Simulation of AmtB initiated with three ammonia molecules in each pore. a) Configurations at the end of the simulation showing key residues and 
water molecules in the pore for all three monomers. b-d) Positions along Z-axis of ammonia and water molecules in the pore of monomers A, B, and C. Z=0 
corresponds to the center of mass of the protein. Some water molecules entering the pore only briefly are not shown in the time series 
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3.3.2 Stability of water molecules in the pore of AmtB 
To confirm water stability in the AmtB pore, two additional simulations of the 
trimeric system were performed, with and without water molecules initially 
present in the pore. Water molecules that were placed beforehand in the pore 
undergo many exchanges with water molecules from the cytosolic vestibule (see 
Figure 3.10). In simulations in which the pore was initially empty, water 
molecules are seen entering the pores and occupying up to four distinct binding 
sites. Figure 3.3.a shows conformations of water molecules inside the pore at the 
end of a simulation of the AmtB trimer initiated with three empty pores. The time 
series of Figure 3.3.b-c show that water molecules filled up the pore in less than 
10 ns in monomers A and B. In monomer C, three water molecules fill up the pore 
after about 35 ns. In this situation, water molecules usually form a stable chain as 
illustrated in Figure 3.3.a. Water molecules exchange positions many times over 
the whole simulation, with entry and exit of some of them. All movement of water 
molecules in and out the pore happen from the intra-cellular side, except one 
event (see Figure 3.3.d, at t ≈ 55 ns). This shows that the gate formed by the Phe 
residues on the extra-cellular side of the pore has extremely low permeability to 
water, in agreement with experiments showing that AmtB does not conduct water 
(7). In monomer B, a water molecule intercalates between the two histidine 
residues in the interval t = 30 to 40 ns, and again starting at t = 60 ns (see Figure 
3.3.c). The water molecule is metastable in this position and is replaced a few 
times over the remaining 40 ns. When a water molecule is found between residues 
His168 and His318, the two side-chains are further away from each other, and 
His168 Nε is no longer in position to stabilize water molecules in the pore. Once 
the intercalated water molecule leaves, the two histidine side-chains regain their 
initial conformation. Figure 3.4 presents the density profile describing the average 
water occupancy in AmtB extracted from the simulation initiated with empty 
pores. The density profile for each monomer is shown in Figure 3.11. 
We also performed simulations of the AmtB trimer considering an alternative 
protonation state of the histidine dyad with hydrogen atoms on Nε of His168 and 
Nδ of His318, without water molecules initially bound to the pore. The density 
profile (reported in Figure 3.4) shows that water molecules are less stable for this 
reverse protonation state than for the canonical one, in agreement with our 
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previous work (15). Nevertheless, a water chain of three or more water molecules 
is observed for a non-negligible fraction of the simulation time for the reversed 
protonation state, which would allow proton diffusion as recently proposed (16). 
The standard-deviation of the density profiles, calculated by dividing the 
simulations in 5 intervals, is shown in Figure 3.12. 
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Figure 3.3 Simulation of AmtB started with empty pores. a) Configurations of water molecules in the pores of all monomers at the end of the 
simulation. b-d) Positions along the Z-axis of water molecules in the pore of monomers A, B, and C. Traces that are not labeled in the legend 
correspond to water molecules. Z=0 corresponds to the center of mass of the protein. 
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Figure 3.4 Water occupancy in the pore of the different constructs of AmtB 
and RhCG. In all cases, histograms were calculated from 100-ns long simulations 
initiated with empty pores, and averaged over the three monomers. The Z position 
is calculated relative to the center of mass of the alpha-carbons of the two 
histidines residues lining the pore. The grey dashed lines indicate the position of 
the Nε atoms of these two histidines. The solid lines correspond to the position of 
the Cα of the two phenylalanines on the extracellular side of the pore. The 
meaning of the arrow is described in the text. 
 
 
3.3.3 Relative stabilities of water and ammonia in the pore of AmtB 
The simulations presented above suggest that NH3 and H2O molecules may 
both occupy the pore of AmtB. To have a more precise idea of their relative 
stability, we have performed free energy perturbation (FEP) calculations in which 
a water molecule is alchemically transformed into an ammonia molecule both in 
water bulk and in the pore of AmtB. The free energy difference between 
transferring an ammonia (A) or a water (W) molecule from the bulk to the pore 
can be expressed as: 
ΔΔG  = [G(Apore) – G(Abulk)] – [G(Wpore) – G(Wbulk)]  
 = [G(Apore) – G(Wpore)] – [G(Abulk) – G(Wbulk)] 
 = ΔG(Wpore→Apore) – ΔG(Wbulk→Abulk)    
 (1) 
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The perturbation calculation in the bulk water system in which a water molecule 
is alchemically transformed to ammonia (second term of Equation 3.1) yields a 
free energy difference of +2.7 ± 0.1 kcal/mol (BAR estimate), comparable to the 
difference of experimental solvation free energy for water and ammonia of +2 
kcal/mol (24). Several similar FEP calculations were performed in the pore (first 
term of Equation 3.1) with various occupancy states. For these calculations, water 
and ammonia molecules in the pore were restrained to their respective binding 
sites (see Methods). Results from these calculations are reported in Table 3.1. The 
free energy differences for transforming a water molecule into ammonia in the 
pore are between 0.9 and 4.0 kcal/mol. The average of the different perturbation 
calculations is +2.8 kcal/mol, which yields an average free energy difference 
between the transfer of water and ammonia from bulk water to the pore, ΔΔG, of 
about +0.1 kcal/mol. Given the uncertainty of the calculations, it implies that, on 
average, the transfer of a water molecule from bulk water into the pore is 
energetically equivalent to the transfer of an ammonia molecule. These results are 
comparable to those of Luzhkov et al. (29) who calculated a ΔΔG of +2.0 
kcal/mol for the transformation aaa→waa, while we report +1.0 kcal/mol (Table 
1). Accordingly, potential of mean force calculations by Lin et al. have shown 
little difference between the energetics of ammonia and water in the pore of AmtB 
(30). Ullmann et al. also found comparable binding free energies for ammonia and 
water in sites S1 to S4 of Amt-1 from A. fulgidus, using Monte Carlo simulations 
(31).  
However, the binding free energy difference is not the only factor determining 
the probability of observing either water or ammonia molecules in the pore of 
AmtB. The concentration of both molecules in the environment of the transporter 
needs to be taken into account as well. We can incorporate the effect of 
concentration using the following Boltzmann relation 
                                             (2) 
where  
!!"!!!!!  the relative binding probability of ammonia versus water in the 
pore of AmtB, !"!!!!  is the ratio of water and ammonia concentrations in solution, 
ΔΔG is the binding free energy difference between water and ammonia, kB is the 
Boltzmann constant, T is the temperature. 
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For a hypothetical concentration of 1 mM for NH3 —which is high considering 
that the AmtB transporter is reportedly expressed at NH4+ concentrations of 50 
µM or less (30)— we get a relative probability 
!!"!!!!! = 1.5 × 10–5, with [H2O] = 55 
M, = 0.1 kcal/mol, and kBT(315K) = 0.626 kcal/mol. With = –1.9 
kcal/mol, corresponding to the most favorable transfer of ammonia to the pore of 
AmtB (first line of Table 3.1), the relative probability is 
!!"!!!!! = 3.8 × 10–4. 
Thus, even in artificially high ammonia concentration corresponding to 10 
times the one expected in the crystallization experiments of Khademi et al. (7), the 
probability of finding an ammonia molecule in the pore of AmtB is more than a 
thousand times lower than that of a water molecule. The probability of finding 
three ammonia molecules in the pore would be less than 10–10 of the probability of 
finding three water molecules. Taken together, the simulations and free energy 
calculations suggest that the pore of the AmtB transporter in its resting state is 
occupied by water molecules for a non-negligible fraction of the time, and that the 
presence of NH3 is highly unlikely. 
  
€ 
ΔΔG
€ 
ΔΔG
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Table 3.1 Free energy of various perturbations in the pore of AmtB (kcal/mol) 
Perturbation
* Forward Backward Average 
BAR 
Estimate ΔΔG 
www→aww 1.7 -1.6 1.6 0.9±0.1 -1.8±0.2 
aww→aaw 3.2 -4.1 3.6 2.5±0.2 -0.3±0.3 
aaw→aaa 3.4 -3.5 3.4 3.7±0.1 1.0±0.2 
www→wwa 3.9 -4.7 4.3 3.5±0.1 0.7±0.2 
wwa→waa 4.6 -3.6 4.1 4.0±0.1 1.3±0.2 
waa→aaa 2.4 -0.9 1.6 1.7±0.2 -1.0±0.3 
www→waw 3.6 -3.2 3.4 3.6±0.2 0.9±0.3 
awa→aaa 3.7 -3.8 3.7 2.9±0.1 0.2±0.2 *Triplets*denote*the*occupancy*state*of*sites*S1,*S2*and*S3*as*identified*on*Figure*3.9*(w=H2O,*a=NH3).*ΔΔG*=*(BAR*Estimate)*–*2.7*±*0.1*kcal/mol,*as*defined*in*the*text.**
 
 
3.3.4 Stability of ammonia and water molecules in the pore of RhCG  
To assess the stability of ammonia molecules in the pore of the RhCG protein, 
we performed a simulation starting with three ammonia molecules bound to the 
pore. Figure 3.5a displays the final conformation of molecules in the pore of the 
three monomers. The time series in Figure 3.5b-d show that the three ammonia 
molecules leave the pore in all three monomers. In monomer A, an ammonia 
molecule stays in the vicinity of the pore, just below His344. Contrary to what 
was observed for AmtB, the pores remain mostly empty. In monomer A, transient 
visits of NH3 and H2O are seen, with a higher frequency in the first half of the 
simulation. In monomer C, the two histidines lining the pore (His185/His344) 
rotate and expose a polar nitrogen to the pore lumen, attracting water molecules 
(see Figure 3.5d). The stabilization of water molecules in the pore favors the 
reorientation of the Phe74 side chain. In AmtB, the rotation of the histidine dyad 
was considered as a potential mechanism allowing for proton transport in the pore, 
but free energy calculations suggest that it is energetically prohibitive (16). 
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Whether such conformational change could play a role in the transport of 
ammonium in RhCG remains to be seen and will require further calculations. 
We also carried out a simulation of RhCG starting with empty pores. Analysis 
of the trajectory shows that while water molecules can occasionally enter the pore, 
they cannot find stable positions and even less form a chain of three or more 
molecules. No rotation of the two histidines and water stabilization were observed 
in this second simulation. The density profile presented in Figure 3.4 illustrates 
that only a small number of water molecules are found in the pore at the level of 
the histidine dyad. Figure 3.6a shows the final conformation of the pore and water 
molecules in its vicinity for each monomer. A simulation initiated with water 
molecules in the pores yielded similar results (see Figure 3.11.b). Interestingly, in 
all monomers, a water molecule is seen forming a hydrogen bond with His185 and 
the carbonyl group of Gly179, occupying a position also identified by X-ray 
crystallography (see Figure 3.8.b). The simulations further reveal that a chain of 
water molecules can transiently form between His185 and the extra-cellular bulk 
(Figure 3.6b,c), opening a direct access to His185. Such conformation is not 
observed in AmtB, in which access to His168 is blocked by two stacked 
phenylalanine residues. A comparison of the X-ray structures of RhCG and AmtB 
reveals subtle but important differences between the two proteins in that region of 
the pore. First, in the conformations captured by X-ray crystallography, the 
aromatic rings of the two phenylalanine residues at the entrance of the pore are 
parallel in AmtB but perpendicular in RhCG (see Figure 3.1). These 
conformations remain predominant during the MD simulations for AmtB and 
RhCG (Figure 3.12 and Figure 3.13). Second, in AmtB, Thr273 makes a hydrogen 
bond with Trp212 and occasionally with His168 during simulations, while in 
RhCG a water molecule is found at that position, interacting with both His185 and 
Trp232. Simulations show that this water molecule can also form a hydrogen 
bond with water molecules at the level of the two phenylalanine residues 
(Phe130/Phe235). 
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Figure 3.5 Simulation of RhCG performed with three ammonia molecules initially bound to each pore. a) Configuration of the pore at the end of 
the simulation for all three monomers. b-d) Positions along the Z-axis of ammonia and water molecules in the pore of monomers A, B and C. Z=0 
corresponds to the center of mass of the protein. A few ammonia and water molecules are seen going back and forth in monomer A. No such transition 
in seen in monomer B. In monomer C a configuration is observed in which F74 is tilted down, allowing for two water molecules to occupy the pore. 
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Figure 3.6 Simulation of RhCG started with empty pores. a) Final 
configuration of the molecules in the pore for each monomer after 100 ns of 
simulation. All three pores remained empty, while a water molecule seen above 
His185 at the position of a crystallographic water (see Figure 3.1). b-c) Water 
molecules are observed in greater number in the upper part of the pore, forming a 
discontinuous (b) or continuous (c) chain. The presence of these water molecules 
suggests that an NH4+ molecule from the extra-cellular bulk could reach His185 
 
3.3.5 Simulation of AmtB and RhCG mutants 
The simulations reported above suggest that residue Phe74 prevents the 
formation of a stable water chain in the pore of RhCG. Sequence and structure 
alignments indicate that residue Phe74 in RhCG corresponds to residue Ile28 in 
AmtB (14). We hypothesized that amino acids at these positions are determinant 
for the formation or absence of a water chain in the pore lumen and that mutating 
the amino acids could confer the properties of one transporter to the other. We 
thus simulated both the I28F mutant of AmtB and F74I mutant of RhCG with the 
pore lumens initially empty. For most of the AmtB I28F mutant simulation, two 
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water molecules are present in the pore (Figure 3.7a). As illustrated by the density 
profile in Figure 3.4, the presence of the phenylalanine does not on its own 
prevent water molecules from occupying the pore, but it significantly decreases 
the water density in its lower part (arrow on Figure 3.4) and by the same occasion 
the probability of observing a continuous chain of water. The hydration of the 
upper part of the pore seems to be favored by the polar Nε atom of His168, which 
faces the pore lumen and help stabilizing a water molecule. On the other hand, a 
continuous water chain is observed for most of the simulation time in one 
monomer of the RhCG F74I mutant (Figure 3.7b). However, the lack of a polar 
group facing the pore, like His168 Nε in AmtB, seems to limit the overall 
hydration of the pore (Figure 3.4). 
Interestingly, in the related RhAG protein, mutation of the equivalent 
phenylalanine residue to a serine (F65S) is associated with overhydrated 
hereditary stomatocytosis (OHSt) of red cells, which is a hemolytic anemia 
characterized by monovalent cation leaks (33,34). We have performed a 100-ns 
long simulation of the RhCG F74S mutant. In all three monomers water 
molecules occupy the pore in large enough amount to potentially accommodate a 
cation (Figure 3.7c). The pore of the RhCG F74S mutant is more hydrophilic than 
that of wild-type AmtB (Figure 3.4), and stabilizes water molecules through a 
distinct hydrogen-bonding scaffold (see also Figure 3.14). In conclusion, the 
presence of a phenylalanine in the pore of RhCG at the level of the histidine dyad 
has a direct impact on the hydration of the pore. Moreover, the histidine residues 
on the extra-cellular side (His168 in AmtB and His185 in RhCG) do not have the 
same environment and favor different hydration patterns of the pore. In RhCG, 
His185 contributes to the stabilization of water molecules at the level of the two 
external phenylalanine residues and not of the pore lumen below the 
phenylalanines; it is the opposite for His168 in AmtB. 
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Figure 3.7 Representative configurations from the AmtB I28F, RhCG F74I, 
and RhCG F74S mutant simulations. a) In the pore of the I28F mutant of AmtB a 
constriction at the level of His318 and Phe28 prevents the formation of a water 
wire. Water molecules are however frequently seen in the upper part of the pore. 
b) Reciprocally, in RhCG, replacing Phe74 by an isoleucine residue allows the 
formation of a water wire spanning the whole pore lumen. This configuration is 
often observed but not as frequently as in AmtB WT. c) Such water chain is more 
frequently observed in the pore of RhCG F74S, where water molecules are even 
more stable and numerous than in AmtB WT. 
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 3. 4 Discussion 
To better understand the transport mechanism in the related but functionally 
different AmtB and RhCG transporters, we have performed simulations under 
different occupancy states of the pore of both proteins. The simulations and free 
energy calculations show that, contrary to what is often assumed, the pore of the 
AmtB protein is more likely to be occupied by water molecules than ammonia. 
Because the concentration of water is much larger than that of ammonia, the 
probability of finding a water molecule at any binding site of the pore is at least 
2.6 × 103 times that of an ammonia molecule according to our estimates (using the 
binding energy differences from Table 3.1 and assuming an NH3 concentration of 
1 mM). The low binding affinity of the pore for ammonia molecules —
comparable to that for water molecules— combined with the low concentration of 
ammonia implies that the permeation in AmtB cannot be described as a single file 
diffusion of ammonia, as it was proposed on the basis of X-ray diffraction data (7). 
The presence of electronic density in the pore of AmtB observed in crystals grown 
without ammonium salt supports the idea that the pore lumen can be occupied by 
water molecules (8,15). As was shown previously, these water molecules 
contribute to the stabilization of NH4+ in site S2, from where it can spontaneously 
transfer a proton to His168 and diffuse as NH3 (16). The present work confirms 
that a chain of water can transiently form in the pore of AmtB when the histidine 
dyad is in its reverse protonation state. Such chain could serve as a proton wire 
from His168 to His318, allowing for the reset of the histidine dyad protonation 
state in an electrogenic transport involving the co-transport of NH3 and H+ (16). 
Our simulations of RhCG have shown that NH3 can diffuse freely in and out 
of the pore, in agreement with free energy calculations performed on Rh50, 
another Rhesus transporter of known structure (35). In contrast with AmtB, the 
water occupancy in the pore is much less in RhCG. The presence of a 
phenylalanine, strongly conserved in the Rh protein family, occupies a large 
portion of the pore at the level of the histidine dyad and prevents the formation of 
a stable water chain. This residue is however not the only determinant of the pore 
hydration. The fact that the polar nitrogen of His185 is pointing towards the extra-
cellular bulk rather than towards the pore lumen, like in AmtB, seems to also 
contribute to the reduction of the hydrophilicity of the pore. If His185 has access 
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to water molecules coming from the extra-cellular bulk, it is less likely to be 
available for interaction with water in the hydrophobic pore. Thus, the 
electrogenic transport mechanism proposed for AmtB may not apply to RhCG, in 
line with the generally accepted idea that Rh proteins sustain an electroneutral 
transport of ammonia. Interestingly, the RhCG mutant F74S (and to a lesser extent 
F74I) leads to a higher hydration of the pore and the formation of water chain at 
the level of the histidine dyad similar to the one observed in AmtB. We surmise 
that these mutants could potentially sustain electrogenic transport, though we have 
not attempted here a full description of the energetics underlying the permeation 
mechanism. The increased hydration of the pore as observed in the simulation of 
RhCG F74S can potentially explain the permeation of monovalent cations 
reported for the homologous RhAG F65S mutant, which is characteristic of 
overhydrated stomatocytic red blood cells (33,34).  
The transport mechanism in wild-type RhCG remains unresolved but our 
simulations suggest some elements of answer. Contrary to what is observed in 
AmtB, the upper part of the RhCG pore, at the level of Phe130 and Phe235, is 
partially hydrated, even allowing a continuous chain of water molecules to form 
between His185 and the extra-cellular water bulk (Figure 3.6c). His185 seems to 
be optimally placed to accept a proton from an incoming NH4+, which could 
further diffuse down the pore as NH3. Further investigation will be required to 
elucidate the complete permeation mechanism in RhCG. Nevertheless, our 
simulations and free energy calculations suggest that small variations in the 
sequence of ammonium transport proteins, notably at the level of their pore lumen, 
might have important functional consequences. 
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 3. 5 Methods 
 
3.5.1 Simulation systems 
The crystal structure from PDB entry 1U7G was used for the simulations of 
AmtB (7). Residues Ser68, Pro126 and Leu255 were mutated to the 
corresponding amino acids in the wild-type (WT) sequence (F68, S126 and K255). 
Two protonation states for the histidine dyad His168/His318 were considered. In 
the first protonation state, hydrogen atoms are positioned on Nδ of His168 and Nε 
of His318. In the second protonation state, hydrogen atoms are on Nε of His168 
and Nδ of His318. Membrane-protein systems were built using the CHARMM-
GUI web service (17). A membrane bilayer composed of 289 
dimyristoylphosphatidylcholine (DMPC) lipids was assembled around the 
trimeric AmtB structure and solvated with more than 20,000 TIP3P water 
molecules. Ions (55 K+ and 61 Cl-) were added to reproduce a 0.15 M KCl 
concentration and to obtain a neutral system. The tetragonal unit cell of 114 × 114 
× 90!Å3 contains about 120,000 atoms. 
The RhCG system was built following the same procedure, using PDB entry 
3HD6. The structure of two missing loops (residues 35-52 and 362-383) 
was modeled using cyclic coordinate descent (CCD) loop modeling method  (18) 
implemented in the Rosetta program (9). The histidine dyad in the pore is neutral 
with hydrogen atoms positioned on Nδ of His185 and Nε of His344. (By analogy 
with AmtB, this protonation state is assumed to be the functional form of the 
pore.) The RhCG trimer is surrounded by a membrane bilayer of 321 DMPC 
lipids, solvated by 21,407 TIP3P water molecules and 0.15 M KCl. The system 
containing 121,237 atoms holds in an orthogonal box of 115 × 122 × 83 Å3. The 
systems for the AmtB and RhCG mutants were constructed by changing the side-
chain atoms of the targeted amino acid in the equilibrated wild-type systems. 
All systems were equilibrated using CHARMM (version c34b2) (19), and 
simulated for 100 ns using the NAMD simulation package (version 2.7b4) (20) 
with the CHARMM 27 force field (21). Particle-Mesh Ewald method (22) was 
applied for the calculation of electrostatic interactions, using a grid spacing of 1 Å. 
The cut-off distance for van der Waals interactions was taken at 12 Å with a 
switching function starting at 10 Å. Time step for the integration of the motion 
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was set to 1 fs. Short-range non-bonded interactions were calculated every 2 steps 
and long-range interactions every 4 steps. Simulations were performed in an 
isothermal-isobaric ensemble with a pressure of 1 atm and a temperature of 315 K. 
Parameters for ammonia (NH3) were taken from the OPLS model (23). According 
to this model, the free energy of solvation of NH3 in TIP3P water molecules is 2.7 
kcal/mol higher than that of H2O, comparable to the experimental free energy 
difference of 2.0 kcal/mol  (24). If the small difference has an impact on the 
simulations, it would bias our results toward a higher occupancy probability of 
NH3 in the hydrophobic pore. 
 
3.5.2 Free-Energy Perturbation Calculations 
Free-energy perturbation (FEP) simulations (25) were used to calculate the 
free energy difference between water and ammonia for different occupancy states 
of the AmtB pore. For these FEP calculations performed with NAMD, the 
molecular system contains a hybrid residue representing simultaneously both an 
ammonia and a water molecule. Interactions of the atoms of this residue with 
surrounding atoms are scaled by a thermodynamic parameter λ. When λ = 0 only 
the interactions of the water molecule with surrounding atoms are considered, 
while only the interactions of ammonia molecule are considered when λ = 1. A 
linear combination of these interaction energies is applied when λ is between 0 
and 1. There is no interaction between the ammonia and water molecules, except 
that their heavy atoms are linked by a harmonic tether with a force constant of 500 
kcal/mol•Å2 (26). 
The reaction coordinate (λ) in the FEP simulations is discretized into windows 
of width 0.1 for λ ranging from 0.1 to 0.9 and these windows were simulated for 
200 ps (first 20 ps for equilibration). At the end points, λ was progressively 
increased with windows at [0, 0.001, 0.01, 0.05, and 0.95, 0.99, 0.999, 1] that 
were simulated for 100 ps (first 10 ps for equilibration). For each perturbation 
calculation, the combined forward and backward simulations amounted to a total 
simulation time of 4.8 ns. Free energy differences and statistical errors were 
calculated by combining the forward and backward configurational ensembles 
using the Bennett acceptance ratio (BAR) method as implemented in the 
ParseFEP toolkit (27) of the VMD visualization platform (28). 
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FEP simulations were performed using a monomeric AmtB system, containing 
185 DMPC, 33 K+ and 35 Cl-, for a total of about 67,000 atoms (box size 92 × 78 
× 92 Å3). In the FEP simulations, the hybrid residue and water molecules were 
restrained along the z-coordinate (normal to the membrane) to maintain them in a 
single file. For each site, a harmonic flat-bottom restraint defined in function of 
the distance to the center of mass of the Cα of His168 and His318 was applied. 
Fig. S1 illustrates the boundaries beyond which the restraint is effective for each 
site. The perturbation calculations in bulk water were performed on a system 
containing 284 water molecules with dimensions of 20 × 20 × 20 Å3 at a constant 
pressure of 1 atm. 
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 3. 7 Appendix 
 
3.7.1 Figures 
 
Figure 3.8 Boundaries along the Z-axis of the flat-bottom restraints applied to 
water and ammonia molecules during the free energy perturbation calculations. 
The harmonic potential is effective only when the molecule is outside the region 
delimited by the two horizontal planes: blue (S1), red (S2), green (S3), and black 
(S4). The positions of these boundaries are defined relative to the center of mass 
of the Cα’s of His168 and His318. 
 
Figure 3.9 Residence time for water molecules in the pore of AmtB WT. The data 
is taken from a simulation initiated with three water molecules bound to the pore 
of each monomer. The bars show the time that each water molecule has spent in 
the pore, in order of appearance. The three first water molecules in each monomer 
where present in the pore at the beginning of the simulation. At least three water 
molecules are found in the pore of each monomer at the end of the simulation. 
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Figure 3.10 Water occupancy in the pore of each monomer of AmtB WT (a) and 
RhCG WT (b). For both proteins, histograms were calculated from 100-ns long 
simulations initiated with empty pores. All monomers of AmtB show water at the 
level of the two histidine residues (i.e. –3.5 Å < Z < 3.5 Å), while little water is 
seen in any monomer of RhCG.  
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Figure 3.11 Water occupancy in the pore of the different constructs of (a) AmtB 
and (b) RhCG. In all cases, histograms were calculated from 100-ns long 
simulations, and averaged over the three monomers. The simulations were 
initiated with empty pores, or with water molecules in the pores as indicated. Each 
of the trajectories was split in 5 intervals providing as many histograms forming 
an ensemble from which a standard deviation σ(Z) was calculated. The occupancy 
number are plotted with an envelop corresponding to plus/minus the standard 
deviation. The Z position is calculated relative to the center of mass of the alpha-
carbons of the two histidines residues lining the pore. 
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Figure 3.12 a) Relative orientation of the aromatic groups of two phenylalanine 
residues in AmtB (Phe107/Phe215) and RhCG (Phe130/Phe235) proteins. The 
distributions of the angle between the normal vectors of the two phenyl rings 
show that the two residues are mostly seen in the conformations revealed by X-
ray crystallography, i.e. perpendicular for RhCG and parallel for AmtB. The 
occupancy units are arbitrary. b) The time series show the angle between the 
normal vector to the phenyl ring and the Z-axis for residues Phe107 and Phe215 in 
monomer A of AmtB. Many 180º-flips are seen for Phe107, and only a few for 
Phe215.  
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Figure 3.13 Rotameric states of key aromatics residues around the pore of AmtB 
WT and RhCG WT. χ1 and χ2 dihedral angles are plotted for the two 
phenylalanine residues on the extracellular side of the pore (a, b), the tryptophan 
lining the pore (c), and the phenylalanine exclusively found in the pore of Rh 
proteins (d). Graphs in (a) and (b) show that the phenylalanines at the entrance of 
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the pore are more mobile, notably in AmtB. The tryptophan lining the pore is 
quite stable in both AmtB and RhCG (c). The phenylalanine F74 in the pore of 
RhCG can rotate on itself by 180º (χ2) and twist by about 60º (χ1).  
 
 
Figure 3.14 Structural order of the water molecules in the pore of AmtB WT and 
RhCG F74S. a) Histograms of the number of hydrogen bonds formed between 
water molecules in the pore and the protein (solid lines) and among the water 
molecules (dashed lines). Occupancy in panel (a) is defined as the percentage of 
the total number of frames. b) Distributions of the angles between the dipole 
moments of the pore water molecules and the Z-axis. The data show that the water 
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chain in the pore of AmtB is well ordered, with the negative pole of the water 
molecules (the oxygen atom) preferentially pointing downward. Water molecules 
in RhCG F74S have more diverse orientations. Occupancy units in panel (b) are 
arbitrary.  
 
.  
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THE MECHANISM OF AMMONIUM TRANSPORT IN RHCG PROTEIN 
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 4. 1 Abstract 
The Rh family of membrane proteins facilitates the diffusion of ammonium 
across cellular membranes. While functional data suggest that human rhesus (Rh) 
proteins transport neutral ammonia (NH3), the details of the transport mechanism 
have not been elucidated. Here, we present a novel mechanism for electroneutral 
ammonium transport in RhCG protein using molecular and quantum mechanical 
calculations. We show that NH4+ is recruited and binds with high affinity to a 
conserved histidine residue (His185) to which it transfers a proton. The resulting 
NH3 molecule diffuses down a hydrophobic pore, overcoming small free energy 
barriers. The excess proton bound to His185 is circulated back to the extracellular 
vestibule through a network of H-bonds, which involves a highly conserved and 
functionally important aspartic acid (Asp177). QM/MM simulations illustrate the 
feasibility of the proton transfer from His185 to Asp177. The protonated Asp177 
is then found to be exposed to extracellular bulk water where the proton can be 
released. Our simulations reveal that a serine residue (Ser181) plays an important 
role in the function of RhCG, bridging His185 to Asp177 through a H-bond 
network. We suggest that the permeation mechanism in Rh proteins share many 
features with that proposed for Amts except that the excess proton is transported 
across the membrane in Amts and shuffled back to the recruitment side in Rh 
proteins. 
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 4. 2 Introduction 
Ammonium is a nitrogen source for bacteria, yeast and plants, where it is 
transported by the Amt/Mep family of proteins at low ammonium concentrations 
(1-4) In mammals, ammonium is notably produced in great quantity during 
glutamine metabolism and needs to be excreted due to its toxicity at high 
concentrations. Erythrocytic RhAG and non-erythrocytic RhBG and RhCG from 
the Rh family of proteins mediate ammonium transport in mammals (5-6). 
Functional studies have strongly suggested that Amt proteins transport charged 
ammonium (NH4+)whereas Rh proteins transport its neutral form, ammonia (NH3) 
(1-6). However, the elucidation of different structures of Amt and Rh proteins, all 
revealing a hydrophobic pore that prevents the translocation of NH4+, has 
suggested that both protein families transport ammonia {7, 8, 16, 38, 39}. 
Amt and Rh proteins share many structural features but important differences 
are notable. Like in AmtB from E. coli, the hydrophobic pore of RhCG is lined 
with two histidines (His185 and His344), and two phenylalanines (Phe130 and 
Phe235) are found on the extracellular side of this pore. The conformation of 
these two phenylalanine residues is however different in the two protein 
architectures. In AmtB they create a barrier that notably blocks water access to the 
histidine dyad, while in RhCG they line a hydrophilic pore reaching down to 
His185 (Figure 4.1a,b). Furthermore, a phenylalanine residue (Phe74) is found at 
the level of the histidine dyad in RhCG, preventing the formation of a water chain 
in that region, further differencing its pore from that of AmtB in which no such 
residue is found. Our recent study suggests that these structural differences lead to 
different hydration patterns that are likely to be determinant of the transport 
mechanisms (40). 
There is a consensus that AmtB presents a recruitment site with high binding 
affinity for NH4+, which needs to deprotonate for permeation to take place (9-13). 
There is however a debate on the deprotonation mechanism. It is generally 
proposed that NH4+ deprotonates on the extracellular side of the pore, allowing for 
the net transport of NH3 (9,11,12). We have rather proposed that NH4+ transfer a 
proton to the signature histidine dyad, followed by diffusion of NH3 down the 
hydrophobic pore, and the transport of the excess proton through a water wire 
filling this pore. The overall process results in the net transport of NH4+, in 
agreement with the bulk of functional studies on Amt proteins (13).  
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In the case of Rh proteins, it is generally understood that the transport 
mechanism simply involves the diffusion of NH3 down its gradient (41). Based on 
free energy calculations, we here propose that Rh proteins, like Amts, recruits 
NH4+ at a binding sites formed by a signature histidine that capture a proton. We 
further show that this proton is transferred back to the extracellular side through a 
network of hydrogen bonds that involves a highly conserved aspartic acid residue 
(Asp177). Our calculations suggest that in both Amt and Rh proteins, the histidine 
dyad acts as a proton acceptor. The two classes of proteins are distinguished by 
the pathway through which the proton is released, resulting in the net transport of 
NH4+ for Amts and NH3 for Rh proteins. 
 
 
Figure 4.1 Molecular representations of the RhCG pore. a) The X-ray 
structure (PDB entry 3HD6) is shown with key residues labeled and a 
crystallographic water indicated by an arrow. b) A conformation extracted from a 
MD simulation shows hydration of the pore reaching His185. c) When His185 is 
protonated a network of hydrogen bonds forms from His185 Nε atom to Asp177 
carboxyl group. 
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 4. 3 Results and Discussion 
 
4.3.1 Recruitment of ammonium and proton transfer to His185  
By comparison with the AmtB structure, it was suggested that RhCG lacks a 
recruitment binding site for ammonium at the extracellular vestibule (16,41). 
However, we have previously shown using molecular dynamics simulations that 
the extracellular vestibule extends through a continuous hydrated pore reaching a 
crystallographic water molecule interacting with His185. We investigated the 
binding of ammonium to this site in the vicinity of His185. We first performed a 
50 ns classical molecular dynamics simulations of the RhCG trimer with one 
NH4+ molecule initially bound to His185 in each pore. In order to equilibrate 
ammonium at this site it was restrained to stay within 3.5 Å of the Nε atom of 
His185 and O atom of Gly179 for the first 5 ns of simulation. Through the whole 
trajectory, the ammonium molecules remain in the vicinity of His185, with which 
they interact directly or through a water molecule (Figure 4.2). The binding 
affinities of NH4+ was calculated by alchemically transforming NH4+ into H20 at 
this putative recruitment site, while simultaneously performing the opposite 
transformation in bulk water. The resulting free energy difference of -5.5±0.5 
kcal/mol corresponds to the relative binding free energy of ammonium to the 
pore. The binding affinity at a corresponding site in AmtB was found to be about -
13 kcal/mol (13). The binding affinity difference between the two proteins arises 
from slightly different coordination schemes. While NH4+ is coordinated by a 
histidine, a tryptophan, a phenylalanine and a water molecule in AmtB, in RhCG 
there are little interactions with aromatic amino acids and NH4+  is coordinated by 
a histidine and two water molecules and oxygen atoms from G179 and N236. The 
relatively high binding affinity for NH4+ allows for an efficient recruitment, 
whereas recruiting NH3 would be much less efficient because of its lower 
concentration and lower binding affinity.  
Once NH4+ is bound to the recruitment site, it is unlikely to diffuse further 
down since the pore is highly hydrophobic, as was shown by free energy 
calculation in a homologous Rh50 channel (41). Using QM/MM simulations we 
calculated the PMF of the proton transfer from NH4+ to His185. The free energy 
profile shown in Figure 4.3 reveals a reaction free energy of 2 kcal/mol and a 
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barrier of 3 kcal/mol. Thus our calculations suggest that NH4+ is recruited at 
His185 and that a proton can efficiently be exchanged between ammonium and 
His185. 
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Figure 4.2 Simulation of RhCG initiated with an ammonium molecule bound to His185 in each pore. a-c) The time series show the position, along 
the Z-axis, of ammonium in the pore of monomer A (a), monomer B (b) and monomer C (c) over the duration of the simulation. For reference, the 
positions of Gly179 O and His185 Nε atoms are shown. Z=0 corresponds to the center of mass of Phe130 and Phe235 Cα atoms. d) The conformation 
of the pore of each monomer is shown at the end of the simulation, highlighting key residues and the ammonium molecule. 
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Figure 4.3 Potentials of mean force (PMFs) obtained from QM/MM 
simulations for proton transfer reactions occurring in the RhCG pore. The 
different PMFs correspond to the proton transfer from NH4+ to His185 (black), 
from His344H+ to NH3 (blue), and from His344H+ to a water molecule (red). The 
reaction coordinate is defined as RC = dDonor–Proton - dAcceptor–Proton.). 
 
4.3.2 Dynamics of ammonia after deprotonation of ammonium 
To investigate on the dynamics of ammonia in the pore after deprotonation of 
ammonium we simulated RhCG trimer with one ammonia molecule initially 
placed close to the Nε atom of the protonated His185. Ammonia was restrained to 
stay within 3.5 Å of His185 Nε and G179 O for the first 5 ns of the 100 ns 
simulation. As illustrated in Figure 4.4, ammonia rapidly moves to the 
hydrophobic section of the pore at the level of the two signature histidine residues. 
In monomers A and C, the ammonia molecule diffused pass Phe74 and His344, 
while in Monomer B it diffused back to the extracellular bulk. The PMF of 
ammonia diffusing down the pore was calculated using ABF simulations (see 
Methods). The PMF shown in Figure 4.4d is in line with the observations based 
Chapter 4: Ammonium transport in RhCG 
 117 
on the unbiased simulations. It further reveals that ammonia is more stable near 
His185, with free energy barriers of about 2 to 3 kcal/mol opposing the diffusion 
of NH3 toward the intra- or extracellular bulk. Overall, the permeation of 
ammonia across the pore involves relatively low free energy barriers, in 
agreement with similar PMF obtained for Rh50 (41). 
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Figure 4.4 Simulation of RhCG initiated with one ammonia molecules binding to H185 in each pore of the trimer. The time series show the 
position of ammonia along the pore in monomer A (a), monomer B (b) and monomer C (c) during the simulation. The positions of the His185 and 
His344 Nε atoms and the center of mass of the aromatic ring of Phe74 is shown as reference. d) The potential of mean force underlying ammonia 
diffusion in the hydrophobic pore reveals a main free energy barrier of ~3 kcal/mol. In all plots, Z=0 corresponds to the center of mass of Phe130 and 
Phe235 Cα atoms. 
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4.3.3 H-bond network linking His185 to Asp177 through water molecules and 
Ser181 
After deprotonation of NH4+ to His185, the proton on His185 has to be 
transferred either to the intracellular bulk or back to the extracellular bulk to allow 
the recruitment of a new ammonium molecule. To explore possible proton 
diffusion pathways, we performed simulations of RhCG monomer in which 
His185 is protonated. We also further analyzed the simulation of the previous 
section in which His185 is protonated with an ammonia molecule in its vicinity. 
In these simulations we observed a network of hydrogen bonds from His185 to 
Asp177, involving water molecules and Ser181. In the 50 ns simulation of RhCG 
monomer, two similar H-bond networks between His185 and Asp177 are formed 
through almost the entire simulation. The first network consists of His185, two 
water molecules, Ser181 and Asp177, and remains stable up to the 28th ns of the 
simulation (Figure 4.5, a-b). After 32 ns of simulation, the side chain of Ser181 
rotates and allows another water molecule to bridge Asp177 with the rest of the 
network (Figure 4.5c). In the RhCG trimer simulation, the H-bond network forms 
in two ways. A first one involves direct interaction of Ser181 and Asp177 as 
illustrated in Figure 4.5b. This is observed in Monomer B and C when the H-bond 
distance between Ser181 and Asp177 is short (Figure 4.8a). Another possible 
network takes place with a water molecule connecting Ser181 to Asp177 (Figure 
4.8c). There are thus at least three possible network schemes bridging His185 to 
Asp177 that differ only in the arrangement of the side chain of Ser181 and 
neighbouring water molecules. Interestingly, none of these H-bond networks is 
observed when His185 is not protonated. The protonation of His185 seems to 
favor the formation of stable H-bond networks going from His185 to Asp177, 
which could potentially facilitate the transport of a proton from the protonated 
His185 back to the extracellular side 
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Figure 4.5 Simulation of RhCG monomer with H185 protonated. a) The upper 
panel shows the H-bond distance between the Ser181 and Asp177 side chains, and 
the lower-panel shows the !1 dihedral angle of Ser181. b-c) The molecular 
representations show the H-bond network at t=20 ns (b) and t=40 ns (c). 
 
4.3.4 Proton transfer from His185 to Asp177 
The transfer of a proton through the network of H-bonds connecting the 
protonated His185 to Asp177 was investigated using QM/MM simulations. 
Considering the structure presented in Figure 4.5b, we calculated a two-
dimensional PMF from 100 ten-picosecond constrained QM/MM simulations in 
which the first reaction coordinate corresponds to the proton transfer from His185 
to a water molecule and the second reaction coordinate is the proton transfer from 
Ser181 to Asp177. The PMF shows that the proton on His185 is first transferred 
to the water molecule and then the excess proton is stabilized by the aspartic acid 
Asp177 (Figure 4.6). It is interesting to note that the presence of the aspartic acid 
Asp177 is essential to attract the proton, which otherwise could not simply 
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transfer to the nearby water molecule. The formation of a H3O+ molecule 
corresponds to the free energy barrier and no local free energy well is associated 
with the presence of such molecule. The free energy difference of the reaction is 9 
kcal/mol with a barrier of 16 kcal/mol. This reaction constitutes the rate-limiting 
step of ammonium transport in RhCG. In our previous work we estimated the 
activation free energy of ammonium transport in AmtB between 12.5-16.6 
kcal/mol. Since the transport rate of ammonium in RhCG and AmtB proteins are 
in the same order of magnitude, the activation free energy for RhCG is expected 
to be similar to that of AmtB (14). However, RhCG functions under mM 
ammonium concentrations, while AmtB functions under µM ammonium 
concentrations (16,37). The difference in ammonium concentrations in the 
environments in which these proteins are found (three order of magnitude) 
suggests that the activation free energy of RhCG protein could be about 4 
kcal/mol higher. Overall, the free energy barrier calculated here is consistent with 
the free energy of activation derived from experimentally measured transport 
rates. 
These calculations suggest that residues Asp177 and Ser181 play a crucial role 
in the transport of ammonium. The functional study performed by Yahiaoui et al. 
(2009) showed that mutation of aspartic acid Asp177 to asparagine impairs the 
ammonium transport in RhCG protein. We propose that residue Ser181 could 
have a similar impact. The simulations and free energy calculations we have 
carried out with His185 in its protonated state show that Ser181 is likely to be 
involved in the deprotonation of His185. In the configuration shown in Figure 
4.5c, Ser181 is not directly involved in the proton transfer but it plays a structural 
role by maintaining Asp177 in position, allowing for the formation of a stable H-
bond network that is chemically equivalent to the one seen in Figure 4.5b. 
When His185 is protonated, it forms with His344 a dyad in which the +1 charge is 
delocalized. This implies that a proton could potentially be transferred from 
His344 Nε atom to a water molecule, or even to the ammonia molecule diffusing 
down the pore after deprotonation of ammonium. We used QM/MM simulations 
to calculate the corresponding PMFs (see Figure 4.3). While proton transfer to a 
water molecule seems unlikely, the transfer to NH3 cannot be excluded with a 
reaction free energy of 4 kcal/mol. In that event, could the proton on His185 Nε 
atom be transported through a water chain to His344 Nε atom like proposed for 
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Amt transporters (13). We carried out a 50 ns simulation of RhCG trimer with 
His185 protonated and His344 deprotonated to investigate the possible hydration 
of the pore. The simulation shows that no chain of water molecules forms in the 
pore of RhCG under such conditions (Figure 4.9). Lack of pore hydration when 
His344 is deprotonated reinforce the idea of a proton release from His185 toward 
the extracellular side. Even if His344 was to lose a proton to an ammonia 
molecule, it could accept a proton from a water molecule, allowing proton release 
from His185. The PMF of Figure 4.3 shows that His344 is a much better proton 
acceptor than water. 
 
Figure 4.6 Proton transfer from His185 to Asp177 through a network of H-bonds 
involving Ser181 and water molecules. a) The potential of mean force with the 
two reaction coordinates defined as RC1 = dHis185Nε–H - dWater–H and RC2 = 
dSer181Oγ–H - dAsp177OD1–H is shown. Each contour level corresponds to 1 kcal/mol. 
b) The molecular representations illustrate the initial “a”, intermediate “b”, and 
final “c” states, with the reaction coordinates shown in state a.. 
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4.3.5 Release of the proton from D177  
The free energy of deprotonation of an acid at a given pH can be calculated 
using the equation: 
     (1) 
where pKa is the dissociation constant of the acid, k is the Boltzmann constant, T 
is the temperature. For an aspartic acid in solution, which has a pKa of 4, the 
equation yields a deprotonation free energy of -4.1 kcal/mol (with kT = 0.6 for T 
= 315K). To calculate the free energy of releasing a proton from Asp177, we 
performed FEP calculations that involved the deprotonation of Asp177 and 
protonation of an aspartic acid dipeptide in bulk solution simultaneously. The 
starting conformation used for this calculation and obtained after equilibration of 
the monomeric molecular system with a protonated Asp177 is shown in Figure 
4.10. The FEP calculation provides the free energy difference between the 
deprotonation of the aspartic acid in the protein and the one in solution 
 = 0.6 +/- 0.4 kcal/mol. Taking into 
account the deprotonation free energy of an aspartic acid in solution, the free 
energy of releasing a proton from Asp177 to the extracellular solution is -3.5 
kcal/mol. This result indicates that the release of a proton from Asp177 to bulk 
solution is favorable but not as much as the release from an aspartic acid in 
solution, which is better hydrated. 
To close the transport cycle, we consider that the released proton react with 
NH3 in solution to form NH4+. At pH 7, considering a pKa of 9.25 for NH4+, the 
reaction free energy is -3.1 kcal/mol. Given the periodic boundary conditions 
applied to the simulation systems, the overall mechanism should be energetically 
neutral since both sides of the membrane are strictly equivalent. In practice the 
free energy balance yields a difference of +0.9 kcal/mol, which reflects the 
accuracy of the calculation (Table 4.1). 
ΔGDeprotonation (pH ) = −2.3kT (pH − pKa )
  G =  GDeprotonationProtein   GDeprotonationSolution
Chapter 4: Ammonium transport in RhCG 
 124 
 4. 4 Conclusion 
Proteins from the Rh family were shown to facilitate neutral NH3 transport as 
opposed to Amt  proteins which seem to generally transport NH4+. The 
mechanism by which Rh proteins transport NH3 remains poorly understood. 
While transport mechanisms propose on the basis of the AmtB structure involved 
recruitment of NH4+ followed by its deprotonation, Rh protein are often assumed 
to simply facilitate NH3 diffusion (41). Given the low concentration of NH3 
molecules, such mechanism seems unlikely to have a significant contribution to 
the overall transport of ammonium (39). Our simulations rather showed that 
RhCG can efficiently recruit NH4+ at a site near His185 where electronic density 
was observed in X-ray crystallography experiments. Using QM/MM simulations 
we further showed that a proton can easily transfer from NH4+ to His185, with an 
activation free energy barrier of 3 kcal/mol and a reaction free energy of 2 
kcal/mol. The deprotonated substrate, NH3, can spontaneously reach the 
hydrophobic pore, through which it diffuses facing free energy barriers of up to 3 
kcal/mol. 
The excess proton transferred from NH4+ to His185 has to be removed for the 
protein to accept the next ammonium substrate. Like seen for AmtB (13), the 
release of this proton constitute a kinetics trap. In AmtB the only way out is 
through a water chain that transiently form in the hydrophobic pore, resulting in 
the net transport of NH4+. In RhCG, no such water chain is seen in the 
hydrophobic pore but a hydrogen bond network is formed between His185 and 
Asp177, allowing the proton to diffuse back toward the extracellular side. The 
transfer of a proton from His185 to Asp177 involves a free energy barrier of about 
16 kcal/mol, in line with experimental transport rate. Asp177 is highly conserved 
among Amt/Rh proteins and mutation of this residue abolishes the transport 
activity in Rh proteins (14, 15). 
Our calculations suggest that despite highly similar tridimensional structures, 
Amt and Rh proteins exert different functions, transport of NH4+ for Amts and 
transport of NH3 for the Rh sub-family. In both transport mechanisms, the 
signature histidine dyad plays a central role as proton acceptor. The functional 
difference arise from the release of the proton, which happens through a water 
chain in the pore of Amts, or a hydrogen bond network involving a conserved 
aspartic acid on the extracellular side of Rh proteins. 
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 4. 5 Methods 
 
4.5.1 Simulation systems 
The RhCG simulation systems were prepared using the crystal structure from 
PDB entry 3HD6 (16). RhCG loops that were not resolved (residue 35-52 and 
362-383) were modelled using the loop modelling function of the Rosetta 
program (17). Membrane systems of RhCG were built using the Charmm-GUI 
web server (18). The molecular systems were prepared by assembling a bilayer 
composed of 323 dimyristoylphosphatidylcholine (DMPC) lipid molecules around 
the RhCG trimer. The systems were solvated with 31,609 TIP3P water molecules, 
to which 95 K+ and 80 Cl- ions were added to obtain a salt concentration of about 
0.15 M. The tetragonal box of the trimeric systems contained 153,930 atoms, with 
dimensions of 120 × 120 × 104 Å3. The trimeric system was used to simulate 
three different conditions. In the first, a NH4+ molecule was added in each 
monomer at the position of the experimental electronic density peak found near 
His185, with a neutral histidine dyad His185/His344 in which His185 Nε is 
unprotonated. In the second system, NH4+ is replaced by NH3 and a proton is 
added to His185. In the third system, there is no substrate in the pore, a proton is 
transferred from His185 Nδ to His344 Nδ and a proton is removed from His344 
Nε. To maintain the electroneutrality of the system, three Cl- were also removed. 
In preparation for the classical and QM/MM free energy simulations, three 
monomeric systems were prepared, corresponding to the first two trimeric 
systems and a third one in which Asp177 is protonated (see below). A RhCG 
monomer was assembled with 204 DMPC lipids, 15,813 TIP3P water molecules, 
and 45 K+ and 40 Cl- ions. The simulation box with dimensions of 88 × 88 × 100 
Å3 contained 78,538 atoms. 
All simulation systems were equilibrated using CHARMM (version 36b1) and 
production runs were performed using NAMD (version 2.8b3) (19,20). Classical 
MD simulations were carried out with the CHARMM 27 force field (21). 
Electrostatic interactions were calculated using Particle-Mesh Ewald method with 
a grid spacing of 1 Å (22). Simulations were performed with a time step of 1 fs, 
with all interactions calculated at every time step. The temperature and pressure of 
the simulations were maintained at 315 K and 1 atm respectively.  
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4.5.2 Classical free energy calculations 
We performed free energy perturbation (FEP) simulations to evaluate the 
relative binding free energy of NH4+ to the pore. The calculation involved the 
alchemical transformation of NH4+ into a water molecule at the putative binding 
site in the protein and in bulk water. The perturbation simulations were performed 
with a hybrid residue that contains both NH4+ and a water molecule. Interaction of 
the hybrid residue with the surrounding environment was controlled using a 
parameter λ (ranging from 0 to 1). The reaction coordinate for each perturbation 
simulation was discretized into windows of width 0.1 for λ ranging from 0.1 to 0.9 
and these windows were simulated for 400 ps (first 40 ps for equilibration). At the 
end points, λ was progressively increased with windows at 0, 0.001, 0.01, 0.05, 
and 0.95, 0.99, 0.999, 1 that were simulated for 200 ps (first 20 ps for 
equilibration). For each perturbation calculation, the combined forward and 
backward simulations amounted to a total simulation time of 9.6 ns. Free energy 
differences and statistical errors were calculated by combining the forward and 
backward configurational ensembles using the Bennett acceptance ratio (BAR) 
method as implemented in the ParseFEP toolkit (42) of the VMD visualization 
platform (43). 
We also performed FEP calculations to study the deprotonation of Asp177. 
The perturbation consisted in the deprotonation of the aspartic acid in the protein 
combined with the simultaneous protonation of an aspartic acid dipeptide in bulk 
water. The monomeric system was equilibrated with Asp177 in its protonated 
state, the histidine dyad in its neutral state with His185 Nε unprotonated, and the 
addition of a dipeptide in solution away from the protein. This FEP calculation 
was carried out using 11 windows, varying lambda (λ) between 0 and 1 by step of 
0.1. λ =0 corresponds to the state where the aspartic acid in the protein is 
protonated and λ =1 corresponds to the state where the aspartic acid in the 
solvated dipeptide is protonated. Each window was simulated for 1 ns, with the 
first 200 ps considered as equilibration. This FEP calculation was performed using 
the PERT module of CHARMM (19) and the free energy difference was 
calculated from the combined sampling of forward and backward perturbations 
using the WHAM module of CHARMM (24). 
Potentials of mean force (PMF) for NH3 diffusing through the hydrophobic 
pore was calculated using the Adaptive Biasing Force method of the NAMD 
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program (30-32). The reaction coordinate was defined as the distance along the Z-
axis between the nitrogen of NH3 and the center of mass of the Cα atoms of 
Phe130 and Phe235. The reaction coordinate covering 20 Å was divided into four 
equidistant windows. Each window was simulated for 25 ns. 
 
4.5.3 Quantum mechanics/molecular mechanics simulations 
PMFs of proton transfer reactions were obtained from constrained quantum 
mechanics/molecular mechanics (QM/MM) simulations. The QM/MM 
simulations were performed using the CP2K program (23) with the settings 
described in Wang et al. (13). The reaction coordinate for a proton transfer is 
defined as the difference of the distances from the proton to the proton-acceptor 
and proton-donor atoms: 
RC = dAcceptor-H - dDonor-H  
1-D PMFs were calculated using 10 windows with RC = [-1, -0.75, -0.5, -0.25, 0, 
0.25, 0.5, 0.75, 1.0, 1.25] and a simulation time of 10 ps per window. The 2-D 
PMF was obtained from simulations of 100 windows (combination of two 
reaction coordinations having 10 windows each) and each window was simulated 
for 10 ps. The proton was constrained according to the RC value and constraint 
forces acting on the proton were collected. PMFs were calculated by the 
integration of these forces. Force data for the first 2 ps of the simulations were 
considered as equilibration and were not used in the calculation of the PMFs. 
In the PMF simulations for the proton transfer from NH4+ to His185, the atoms 
of the side-chains of His185, His344, Trp232, Phe235 and Asn236 residues, and 
the peptide bond between Gly179 and Gly180 amino acids are included in QM 
region. In the PMF simulations for the proton transfers from H344 to either 
ammonia or water, the QM region contains the side-chain atoms of H185 and 
H344, and water molecules around these atoms. The QM region of the 2-D PMF 
simulations contains the atoms of side-chains of His185, His344, Asn236, 
Asp177, Ala178, Gly179, Gly180, Ser181 and the peptide bond between Val291 
and Ala292. Initial structures of the QM regions for the PMF simulations are 
given in Figure 4.7. 
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 4. 7 Appendix 
4.7.1 Tables 
 
Table 4.1 Free energy balance of the complete transport mechanism 
considering symmetric conditions at pH 7 
 
Steps ΔG  
(kcal/mol) 
Recruitment of NH4+ -5.5 
Deprotonation of NH4+, protonation of His185 +2 
Diffusion of NH3 out of the pore +2 
Proton transfer from His185 to Asp177 +9 
eprotonation of Asp177 -3.5 
Production of NH4+ from NH3 and H3O+ -3.1 
Overall +0.9 
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4.7.2 Figures 
 
Figure 4.7 Initial structures of the QM regions in the different QM/MM 
simulations. Molecular representations are shown for the systems used for the 
following calculations: a) proton transfer from ammonium to His185, b) proton 
transfers from H185 to a water molecule and from Ser181 to Asp177, c) proton 
transfer from His344 to an ammonia molecule, d) proton transfer from His344 to a 
water molecule. 
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Figure 4.8 Simulation of RhCG trimer with His185 protonated. a) The H-bond 
distance between Ser181 and Asp177 in each monomer. b) The !1 dihedral angle 
of residue Ser181 in each monomer. c) Representative snapshot of the H-bond 
network with a water molecule intercalated between residues Ser181 and Asp177, 
taken from monomer B at t = 10 ns. 
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Figure 4.9 Water density in the pore of RhCG when His185 is protonated. 
Practically no water molecules are observed at the level of the two histidine 
residues. 
 
 
Figure 4.10 Initial structure of the pore used for the Asp177 deprotonation 
free energy perturbation (FEP) calculation. Key residues of the pore, including the 
protonated Asp177, are shown with nearby water molecules. 
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Chapter 5  
 
THE EFFECT OF HYDROPHOBICITY OF THE SECY TRANSLOCON 
PORE IN MEMBRANE PROTEIN INSERTION 
 
 
 
 
A part of the section 5.3 was published in PNAS(2013, 110 (47): 18856-6) with 
the following authors: Erhan Demirci, Tina Junne, Sefer Baday, Simon Bernec̀he 
and Martin Spiess. 
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 5. 1 Introduction 
 
5.1.1 An Overview of Membrane protein insertion 
Integral membrane proteins constitute 20-30% percent of proteins and play 
important roles in various biological functions. Proteins from Sec family, Sec61 in 
eukaryotes and SecY in prokaryotes, facilitate integration of most membrane 
proteins into the endoplasmic reticulum (ER) membrane and the plasma 
membrane respectively. Insertion of proteins into the membrane can happen both 
cotranslationally and post-translationally, but mostly cotranslationally. Sec 
translocons also facilitate translocation of secretory proteins across the lipid 
bilayer (1).  
Cotranslational translocation and insertion utilizes the same molecular 
machinery to acquire a nascent protein chain from the ribosome. Figure 5.2 
summarizes important elements of this machinery. As N-terminal signal sequence 
or a transmembrane sequence emerges from the exit tunnel of the ribosome, it is 
recognized by signal recognition particle (SRP). The ribosome-SRP complex 
binds to the SRP receptor (SR) on the membrane. Then this interaction guides the 
ribosome to interact with the translocon in such a way that the ribosomal exit 
tunnel aligns with the interior of the translocon. Finally elongating sequence 
moves through the translocon as translation proceeds. After insertion of the 
nascent protein chain inside the pore of the translocon, destiny of the protein 
(translocation or insertion) is determined by the hydrophobicity of the sequence of 
the protein (2-8).  
Signal sequences are important not only for targeting but also the topology of 
membrane proteins. The orientation of a signal sequence determines the topology 
of membrane proteins. Depending on the orientation of the signal sequence either 
N-terminal or C-terminal stays in the cytosol (Figure 5.1). Among a number of 
factors affecting the orientation of a signal sequence the most prominent is the 
distribution of positively charged residues on the signal sequence (2). It has been 
discovered that the cytoplasmic side of membrane proteins has more positively 
charged amino acids than the other sides has. This situation is known as “positive-
inside rule” (9-11). In bacteria, “positive-inside rule” could result from two 
important factors: the membrane potential and having more negatively charged 
lipid head groups in cytosolic site (12,13). However, in eukaryotes these two 
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factors cannot cause “positive-inside rule” due to the fact that there is no lipid 
asymmetry and membrane potential across the ER membrane. Goder et al. 
showed that sec61 contributes to the “positive-inside rule” by electrostatic 
interactions between flanking charges of the signal sequence and specific charged 
residues in Sec61 (14). 
 
Figure 5.1 Schematic representation of orientation of a TM helix with N-
terminal staying in cytosol (left-side) or in ER lumen (right-side). Adapted from  
(15). 
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Figure 5.2 Cotranslational membrane protein insertion. A) Steps of nascent 
protein insertion, step1: translation of mRNA; step2: binding of signal recognition 
particle (SRP) to ribosome; step3: binding of Ribosome-SRP complex to the 
membrane-bound SRP receptor (SR); step4: insertion or translocation of a newly 
synthetized protein. B) Cryo-EM image of the canine ribosome-translocon 
(Sec61) complex. Taken from  (6). 
 
5.1.2 Structure of the translocon 
To date several structures of translocons at various stages of insertion process 
have been determined. These structures provided important information on the 
insertion of proteins in membrane. Van den berg et al. obtained the crystal 
structure of SecY from Methanococcus jannaschii at a resolution of 3.2 Å  (Van 
den Berg et al 2004). This structure shows how the three subunits (α, β, and γ) of 
SecY interact. The α subunit forms the main body of the channel (Figure 5.3). It is 
divided into two domains formed by transmembrane helices (TM) 1-5 and 6-10. 
These two domains are hinged by a loop between TM5 and TM6. The α subunit is 
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clamped by the γ subunit. The γ subunit has two helices; one lies along the 
membrane-water interface and the other one extends diagonally across the 
membrane. The β subunit consists of a disordered and a loop segment, and stays 
perpendicular to the membrane. The α and γ subunits have high sequence 
conservation and are vital for cell viability (16).  
 
 
Figure 5.3 The crystal structure of SecY from M. jannaschii. a) top view, b) 
front view. Adapted from  (15). 
 
According to the X-ray structure, the α subunit forms a pore with an hourglass 
shape. At the narrowest point of this pore six hydrophobic residues form a ring-
like structure, which is known as the “pore-ring”. The constriction of the channel 
is sealed from the periplasmic side by a short helix called the “plug” (Figure 5.3). 
It has been shown that the plug stabilizes the closed state of the translocon  (17). 
However, deletion of the plug domain in SecY does not affect viability of the cells, 
but hamper protein translocation efficiency  (17-19). In addition, it has been 
shown that the plug domain is required to seal the pore for preventing the leakage 
of small molecules and ions  (20,21). This function of the plug is highly crucial 
for the viability of bacteria, since they have to maintain the membrane potential. 
Interestingly, when the plug domain is removed, neighboring loops form a plug-
like structure to seal the pore  (17). 
The X-ray structure reveals a putative lateral gate that opens to provide a room 
for a polypeptide chain for insertion into the membrane or translocation across the 
membrane.  This lateral gate is formed by the transmembrane helices TM2 and 
Chapter 5: SecY Translocon 
 141 
TM7. The mechanism for lateral gate opening is not known exactly. Binding of 
SecY partner (ribosome or SecA) and intercalation of signal sequence are 
suspected to cause the opening of the lateral gate  (22,23). Structures of Sec 
proteins bound to several binding partners showed various degree of opening 
(ranging from 10 Å to 24 Å) of the lateral gate at several conditions. Moreover, 
cross-link experiments showed that cross-links shorter than 5 Å abolished protein 
translocation  (24). 
Here, we briefly present other structural data obtained for Sec proteins. 
Zimmer et al. obtained the crystal structure of SecY (from Thermotoga maritima) 
bound to cytoplasmic SecA ATPase, which is involved in post-translational 
translocation of secretory proteins (25). Tsukazaki et al. solved the crystal 
structure of Thermus thermophilus SecY bound to the Fab fragment of a 
monoclonal antibody, which binds to SecY at the same site SecA does (26). 
Gumbart et al. modeled atomistic structure of the ribosome-SecY complex by 
applying molecular dynamics flexible fitting (MDFF) method using cryo-electron 
microscopy (cryo-EM) data (27). Becker et al. reported cryo-EM structures of 
yeast and mammalian Sec61 with the ribosome (28). Frauenfeld et al. achieved to 
acquire cryo-EM structures of translating ribosome bound to SecY in the lipid 
bilayer using Nanodiscs (29). In addition, two structures of SecY with surrogate 
polypeptides for nascent protein; X-ray structure of SecY from Pyrococcus 
furiosus and cryo-EM structure of E.Coli SecY  (30,31). 
 
5.1.3 Hydrophobicity scales for membrane partitioning of amino acids 
To understand how proteins insert into the membrane, thermodynamics of 
membrane integration of different amino acids has been studied by several groups. 
These studies led to determine the membrane partitioning tendencies, which are 
known as hydrophobicity scales, of amino acids or amino acid side-chain like 
molecules (Figure 5.4) (32). First, Radzicka and Wolfenden obtained partition 
coefficient of amino acid side-chain analogs between water and cyclohexane 
environment (33). They added side-chain analog molecules in the biphasic 
medium and measured the concentrations in each phase. Free energy of transfer 
for side-chain analogs was obtained from the ratio of concentrations. Later, 
MacCallum et al. performed molecular dynamics simulations to obtain the free 
energy of insertion of the side-chain analogs, which Radzicka et al. used in their 
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experiments, from water solution to a lipid bilayer composed of 
dioleoylphosphatidylcholine (DOPC) lipids (34). They obtained distribution of 
these side-chain analogs as a function of the distance from the center of the lipid 
bilayer. Free energies of the molecules when they are at the center of the bilayer 
match well with the experimentally estimated free energies. White and coworkers 
investigated the partitioning of pentapeptides, which contain a test amino acid in 
the middle, from water to bilayer and octanol environment  (35,36). They 
developed a hydrophobicity scale based on these experiments. However, these 
scales show partitioning to lipid-water interface rather than lipid environment. 
Hessa et al. performed insertion experiments of peptides using a method that 
involves sec61 translocon (37). They added a test sequence of 19 amino acid to 
the leader peptidase protein, which is known to insert into the membrane. They 
engineered this construct in such a way that it has two glycosylation sites, one 
before and one after this test sequence. If the test sequence inserts into the 
membrane, one site is glycosylated; if the test sequence is rather translocated, then 
two sites are glycosylated. Using this method they tested insertion of peptides of 
various hydrophobicities and created a hydrophobicity scale based on these 
experiments. Recently, Moon and Fleming (38) obtained water to bilayer free 
energy scale for amino acids by performing insertion experiments of the outer 
membrane phospholipase A (OmpLA) protein. To obtain the hydrophobicity scale, 
they performed the experiments with mutants of an alanine residue located at 
position 210. The position 210 in this protein is exposed to the membrane, which 
provides a reliable environment for water to bilayer insertion study. Overall, the 
hydrophobicity scales mentioned here are in agreement with each other not in the 
exact values but in the trends  (39). It should be noticed that all of these 
hydrophobicity scales were derived for one amino acid at a time. Moreover, the 
cooperativity and additivity of these scales remains unclear. 
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Figure 5.4 Summary of different systems and environments for different 
hydrophobicity scales. Taken from  (39) 
 
5.1.4 Are translocons just catalyzers in membrane protein insertion or not? 
 
It has been disputed whether the translocon acts as a catalyzer by simply 
providing a suitable environment to proteins for membrane insertion or dynamics 
of translocon affect membrane integration of proteins. The catalyzer view 
suggests that an elongating nascent polypeptide is thermodynamically in 
equilibrium with the membrane and the destiny of the polypeptide is determined 
mainly by the protein-lipid interactions. This two-state partitioning hypothesis has 
been strengthened by two important observations. First, predictions for membrane 
integration based on the hydrophobicity scale developed by Hessa et al. yielded 
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high accuracy (40). Second, translocon based hydrophobicity scale from Hessa et 
al. correlates well with the direct water to octanol scale from Wimley et al (37).  
However, several experimental and computational studies suggested that non-
equilibrium kinetics effects also play an important role in the membrane protein 
insertion process. Goder et al. showed that the rate of translocation is affected by 
the rate of translation (41). In another study, the authors also showed that the 
translation rate affects the insertion topology (41). Experiments performed by 
Hessa et al. indicated that the length of the carboxy-terminal tail of marginally 
hydrophobic sequences influence the stop-transfer efficiency (42). Experimental 
studies of Gilmore and coworkers suggested that the fluctuation rate of the lateral 
gate opening affects the fidelity of membrane protein integration (43,44). 
Atomistic and coarse-grained (CG) simulations performed by Zhang et al. claimed 
that the lateral gate opening is regulated by the hydrophobicity of the elongating 
peptide (23). Using CG simulations Warshel and Rychkova claimed that 
competition between the free energy barriers in translocation and membrane 
insertion kinetics determines the destiny of a peptide (45). 
On the other hand, recently, it has been proposed that both insertion kinetics 
and thermodynamics are important and the balance between these two governs the 
membrane integration (46,47). 
  
5.1.5 Outline for the sections 5.2 and 5.3 
In the rest of chapter 5, we study how the structure of the SecY pore impacts 
on the membrane integration process. To achieve this we investigated the stability 
of membrane-inserting and non-inserting peptides in SecY WT and pore-ring 
mutants studied by Spiess and coworkers (48). In addition, we focused on the 
asymmetry in membrane integration observed by the Spiess lab (64) .We propose 
that the hydrophobicity profile of the translocon pore contributes to this 
asymmetry in insertion. 
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 5. 2 Investigating the stability of membrane-inserting and non-inserting 
peptides inside the pore of SecY and its pore-ring mutants 
We investigated how the stability of a membrane-inserting peptide inside the 
pore of the translocon affects its membrane insertion rate. Junne et al. performed 
experiments on the insertion of peptides of variable hydrophobicity in wild-type 
Sec61p and its pore-ring mutants (48). To understand the effect of pore-ring 
mutations in membrane insertion we studied the stability of L1 peptide  (having 1 
Leu and 18 Ala) in SecY WT and SecY 6G mutant (glycine mutants of the pore 
ring residues). While L1 peptide doesn’t insert into the membrane via Sec61 WT, 
it inserts into membrane via Sec61 6G mutant (Figure 5.5). We performed free 
energy perturbation (FEP) calculations to obtain the absolute solvation free energy 
of L1 peptide in four different media: bulk water, DMPC membrane, SecY WT 
and SecY 6G mutant. We performed each FEP simulation over 170 ns, as growing 
a whole helix converges slowly. Gumbart et al. performed similar FEP 
simulations on the SecY system, achieving convergence with 120 ns per 
simulation (49). In the FEP simulations we performed, peptides were restrained to 
maintain a helical structure. Several studies showed that helical structures could 
be stabilized in the ribosome exit tunnel and inside the pore of translocon (50-53). 
Results of our FEP simulations are given in Table 5.1. It seems that L1 peptide is 
the most stable in membrane and the least stable in water. SecY WT and SecY 6G 
offer to the peptide an environment of the hydrophobicity in between membrane 
and water. However, L1 peptides feel more “water-like” environment in SecY 6G 
and “membrane-like” environment in SecY WT. The difference of water density 
around L1 in SecY WT and SecY 6G indicates that the pore of 6G mutants is 
hydrated better at the level of pore-ring residues than the pore of WT at the same 
level (Figure 5.6). Our results suggest that, for mildly hydrophobic sequences, as 
the stability inside the pore of the translocon increases the retention time in the 
pore increases. This gives rise to an increase of translocation and decrease of 
membrane insertion.  
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Figure 5.5 Membrane insertion of H-segments of various hydrophobicities in 
Sec61 WT and Sec61 6G mutant (48) 
 
Table 5.1 Absolute free energy of solvation of L1 peptide in various media 
Medium 
Forward 
(kcal/mol) 
Backward 
(kcal/mol) 
Bar Estimate 
       (kcal/mol) 
SecY WT -103.93 93.46 -98.38±0.24 
SecY 6G -90.86 82.94 -86.92±0.22 
Water -84.85 83.43 -84.19±0.15 
Membrane -112.64 103.34 -108.08±0.23 
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Figure 5.6 Snapshots of L1 in membrane, water, SecY WT and SecY 6G. 
Regions shown as light blue in SecY WT and SecY 6G represent the water 
density (iso-surface of 0.3) 5 Å around the L1 peptide.   
 
We also studied the stabilities of membrane-inserting L7 peptide (7 Leu and 
11 Ala) in comparison with the non-inserting L1 (1 Leu and 18 Ala) peptide in 
water, membrane, SecY WT and SecY 6G. We calculated the free energy 
difference between the L7 and L1 peptides in the aforementioned media using 
FEP simulations. Each perturbation simulation was carried out for 50 ns. Results 
of these FEP simulations are given in Table 5.2. They illustrate that there is a big 
free energy difference (9 kcal/mol) between L7 and L1 peptides in water while 
they have almost the same free energy in the membrane. Growing a leucine side 
chain in water solution causes high free energy cost due to the loss of entropy of 
water molecules. However, lipid molecules in the membrane are not disturbed as 
much by the creation of a leucine side chains. This is because the membrane does 
not lose as much entropy upon the replacement of alanine to leucine. We could 
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conclude that the interaction of a peptide with lipid molecules is not the sole 
determinant of membrane insertion, because membrane-inserting and non-
inserting peptides have similar stability in the membrane. 
Moreover, we performed FEP simulations for perturbing one leucine to one 
alanine (from L7 to L6) and perturbing six leucine to six alanine (from L7 to L1) 
in water solution. We found that the free energy of perturbing one leucine to 
alanine in water is -0.93 kcal/mol, while the free energy of perturbing six leucine 
to six alanine in water is -9.1 kcal/mol. This shows that effective free energy gain 
per Leu-Ala perturbation for the L7-L1 perturbation (-1.5 kcal/mol) is higher than 
that for the L7-L6 perturbation (-0.93 kcal/mol). This result can be explained from 
the fact that a leucine together with other leucines disturbs more water molecule 
than one leucine itself alone does. We also carried out the same perturbations (L7-
L1 and L7-L6) in the lipid environment. In contrasts to water molecules, lipid 
molecules are not significantly affected by the number of Leu-Ala perturbation. 
Our results suggest that solvation free energies of amino acids are not additive and 
highly depend on molecular interactions with the surrounding environment. 
 
 
Table 5.2 Free energy of the perturbation of L7 to L1 and L6 in various media 
Perturbation Forward 
(kcal/mol) 
Backward 
(kcal/mol) 
Bar Estimate 
(kcal/mol) 
L7 to L6 in water -0.94 0.94 -0.93±0.04 
L7 to L6 in Membrane 0.64 -0.48 0.56±0.05 
L7 to L1 in water -9.6 8.6 -9.1±0.1 
L7 to L1 in membrane 0.34 0.6 -0.08±0.14 
L7 to L1 in SecY 6G -3.2 3.71 -3.35±0.11 
L7 to L1 in SecY WT 0.53 1.28 -0.39±0.11 
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 5. 3 Asymmetry in membrane insertion caused by Sec translocon 
Our collaborators from the Spiess group performed experiments on the 
insertion of peptides composed of alanine and leucine residues to investigate the 
effect of position of leucines on the membrane integration rate. The peptides used 
for these experiments were characterized by a leucine triplet (or quadruplet) 
occupying different positions along a stretch of 15 amino acids. Figure 5.7 
illustrates the results of these experiments. 
 
 
Figure 5.7 Integration rates of various peptides by SecY wild-type and its 
mutants. a) Integration of L3 (with three leucine residues) and L4 (with four 
leucine residues) peptides by Sec61 WT b) Sequences of L3 peptides c) 
Integration of L3 peptides by Sec61 6S and 6G mutants d) Integration of L3 and 
L4 peptides by various Sec61 mutants (alanine mutants of the pore-ring residues) 
(64) 
 
There is a significant reduction in membrane integration of the peptide in 
Sec61p wild-type when three leucines are located at the position aligned with the 
pore ring residues (L3-4 in Figure 5.7b). However this situation is not observed in 
6G and 6S pore mutants. The drop in the membrane integration in Sec61p wild-
type possibly arises from the fact that the local environment at the level of the 
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pore ring residues is more hydrophobic than the rest of the pore. The peptide that 
contains leucine amino acids at the level of the pore-ring would be more stable in 
the pore compared to the peptide having leucine amino acids at other positions. 
This could result in less membrane integration for L3-4 peptide according to 
thermodynamic integration model. To investigate the hydrophobicity of the pore 
of the Sec translocon we performed different molecular dynamics simulations 
with the L3-4 peptide located inside the pores of SecY (from M. jannaschii) and 
its 6A, 6G and 6S mutants. The atoms of pore-ring residues span from 0 to 10 Å 
in z-coordinate (see Figure 5.8). This level corresponds to the significant decrease 
of water density profiles, as also seen on Figure 5.9. The hydration of the pore 
appears to be in the following order: SecY WT <6A<6G~6S. While the pores of 
6S and 6G mutants are well solvated at level of the pore-ring, those of WT and 6A 
mutant lack water molecules (Figure 5.9). These results explain the asymmetry 
observed in the experimental integration rates in WT and 6A mutant of SecY. 
We also simulated 3-Leu cluster at various positions in the peptide in the pores 
of SecY WT, SecY 6G and SecY 6S for 5ns. From the simulations we calculated 
radial distribution functions (RDF) for water molecules around the last two carbon 
atoms (CD1 and CD2) in the side-chains of leucine residues. These RDFs provide 
information on the density of water molecules around the reference atoms. The 
comparative RDF plots for the peptides in SecY 6S and SecY 6G are given in 
Figure 5.10 and Figure 5.11 respectively. According to these RDFs, hydration of 
peptides can be categorized into two groups: well hydrated peptides (L3-1 and L3-
2) and poorly hydrated peptides (L3-3, L3-4 and L3-5). The increase in hydration 
of L3-3, L3-4 and L3-5 in 6S and 6G mutants suggests that the mutations enhance 
the hydration inside the pore.  
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Figure 5.8 Density profiles of lipid head groups (red), pore ring residues (green) and protein 
(blue) 
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Figure 5.9 Water density (isocontour for %30 of the simulation time) for the simulation of L3-4 peptide in SecY WT and its mutants. First row: Front view Second row: Side-
view (the lateral gate is on the right-hand side of each picture. 
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Figure 5.10 RDF for water molecules around the last two atoms (CD1 and 
CD2) in the tail of leucine side-chain for 3-leu containing peptides, which are 
placed inside the pores of SecY WT and 6S mutant. 
 
 
Figure 5.11 RDF for water molecules around the last two atoms (CD1 and 
CD2) in the tail of leucine side-chain for 3-leu containing peptides, which are 
placed inside the pores of SecY WT and 6G mutant. 
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 5. 4 Methods 
The crystal structure of the closed state of SecY translocon from M. jannaschii 
(PDB Code: 1RHZ) was used in molecular dynamics simulations (16). Since plug 
deleted mutants are viable we simulated the plug deleted mutant of SecY. The 
placement of a peptide into the pore of the plug-deleted mutant is safer in terms of 
modeling than the placement of a peptide into wild-type SecY. The residues 
forming the plug domain (46 to 67) were replaced by a single Glycine. The 
protein was inserted into a bilayer composed of 389 
dimyristoylphosphatidylcholine (DMPC) lipids. The protein-lipid system was 
solvated with 29,000 water molecules and ionized with 0.15M KCl. The system 
containing 142,352 atoms was placed in an orthogonal box of 116 x 125 x 96 Å3 
using CHARMM-GUI web server (55). The lateral gate was opened to 16 Å, 
enough to fit a peptide inside the pore of SecY using COLVARS module in 
NAMD simulation package (56). The systems for the pore-ring mutants of SecY 
were simply done by mutating the residues in the equilibrated system described 
here. Peptides were placed inside the pore after 5ns equilibration of the lateral 
gate opened structure. The centers of the peptides were aligned with the center of 
the bilayer. 
All simulations were performed using NAMD simulation with the CHARMM 
27 force field (57). The cut-off for van der Waals interactions was set at 12 Å with 
a switching function used after 10 Å. The calculation of electrostatic interactions 
was done using Particle-Mesh Ewald method (58). Time step for the integration is 
1 fs. Short-range non-bonded interactions were calculated every 2 steps and long-
range interactions every 4 steps. Simulations were performed in an isothermal-
isobaric ensemble with a pressure of 1 atm and a temperature of 315K. 
Free energy perturbation calculations (FEP) provide the free energy difference 
between the initial and final states of a system (59). FEP calculations were done 
by perturbing the initial state to the final step gradually with a control parameter λ. 
The parameter λ scales the interaction energy between the perturbed atoms and 
surrounding atoms. The choice of a λ set can vary depending on the simulation 
system and perturbation (60). FEP simulations were performed in forward (λ 
change from 0 to 1) and backward direction (λ changes from 1 to 0). The energies 
obtained from the forward and backward simulations were combined using the 
ParseFEP plugin of VMD program  (61,62). 
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FEP calculations for perturbing L7 to L6 and L7 to L1 peptide were carried 
out over 25 ns with an uniformly discretized λ scheme with ∆λ = 0.02. Each 
window was simulated for 0.5 ns and data for the first 0.1 ns were discarded for 
equilibration purpose. Perturbation calculations for growing 3-Leu cluster at 
various positions in peptides were also performed using the same λ-discretization 
scheme. 
FEP simulations for deletion of L1 peptide in the membrane, water, SecY WT 
and SecY 6G were performed over 85 ns with an advanced λ scheme: windows 
for λ between 0 and 0.5 were simulated for 0.5 ns (0.25 ns for equilibration) with 
∆λ = 0.01, windows for λ between 0.5 and 0.9 were simulated for 0.75 ns (0.37 ns 
for equilibration) with ∆λ = 0.01, windows for λ between 0.9 and 0.95 were 
simulated for 0.5 ns (0.25 ns for equilibration) with ∆λ = 0.005, windows for λ 
between 0.95 and 0.99 were simulated for 0.75 ns (0.37 ns for equilibration) with 
∆λ = 0.002, and windows for λ between 0.99 and 1 were simulated for 1 ns (0.5 ns 
for equilibration) with ∆λ = 0.001. FEP simulations of L1 growing were carried 
out using the same λ scheme. 
In addition, radial distribution functions (RDF) were calculated using VMD 
program (61). 
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 5. 5 Conclusion 
SecY/Sec61 translocon facilitates both the insertion of proteins into cell 
membrane or translocation of secreted proteins (1). It was initially thought that the 
insertion of a peptide from the translocon to the membrane was purely according 
to thermodynamic equilibration (37,40,42). Later this hypothesis was challenged 
by studies suggesting the involvement of kinetics effects in the membrane 
integration process (23,41,43-45,63). Additional to these views, the third one that 
combines both thermodynamics and non-thermodynamics effects has been 
proposed (46,47). Even though the exact role of the translocon in the membrane 
insertion process is poorly understood, it has been shown that alteration of the 
structure of the translocon changed the membrane integration rates (48). In this 
work we studied how hydrophobicity of the pore of translocon affects the 
membrane insertion of proteins on the basis of published and unpublished 
experimental results.  
First, we investigated the effect of mutation of the pore-ring residues on the 
membrane integration process. For this purpose we chose a peptide (L1) that 
contains one leucine and 18 alanine residues. In the experiments performed by 
Junne et al., L1 peptide has been shown to insert into the membrane with Sec61 
WT, but not with glycine the 6G mutant of the pore-ring residues (Sec61 6G). To 
understand how this mutation affects the membrane insertion we calculated 
absolute free energy of solvation of L1 peptide in SecY WT, SecY 6G, water and 
membrane. We found that L1 peptide is the most stable in membrane and the least 
stable in water. SecY WT and SecY 6G provide an environment of 
hydrophobicity in between water and membrane. L1 feels a “water-like” 
environment in the pore of SecY 6G and a “membrane-like” environment in the 
pore of SecY WT. Water densities in the pore of SecY WT and SecY 6G clearly 
show the difference in the hydration of the pores, which results in different 
hydrophobicities. Our results suggest that higher stability of L1 in the pore of 
SecY WT than in the pore of SecY 6G leads to higher retention time in the pore of 
SecY WT. This gives rise to increase in translocation rate and decrease in 
insertion rate. It should be noted that our results illustrate qualitative description 
of the distinct insertion tendency of L1 peptide mediated by SecY WT and SecY 
6G. It is difficult to assess the exact insertion free energy of L1 peptide because of 
various reasons. The first reason is that interaction of L1 with the other helices in 
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the polypeptide chain was not studied here (experiments were performed with 
polypeptide chains composed of three helices). The second reason is the 
ambiguity of the influence of kinetics effect in the insertion process. According to 
the work of Gumbart et al. insertion kinetics can have a considerable effect in the 
membrane integration of marginally hydrophobic sequences (47). Despite the 
scarce information on the effects of kinetic factors, our calculations explain how 
the hydrophobicity of the pore influences the rate of membrane integration.  
We also investigated on the free energy differences of membrane inserting L7 
(7 Leu and 12 Ala) and non-inserting L1 peptides in various media by perturbing 
six leucine residues to six alanine residues. Our calculations showed that L7 and 
L1 peptides have almost the same stabilities in the membrane while there is a big 
free energy difference (9.1 kcal/mol) in water solution. This result leads to the 
conclusion that the interaction of a polypeptide chain with lipid molecules is not 
the sole determinant of the insertion. Furthermore, our calculations for the 
perturbations of L7 to L1 and L7 to L6 in water and membrane indicated that the 
solvation free energy differences of amino acids are not additive. 
An interesting property of the translocon has been revealed by our 
collaborators from the Spiess lab. Their experiments with oligo-alanine peptides, 
which contain three leucine residues located at various positions, showed 
asymmetry in membrane integration (64). They observed that the integration rate 
dramatically drops when 3-leu cluster are at the level of the pore-ring residues. 
However experiments performed with 6S and 6G mutants of the pore rings did not 
show aforementioned membrane integration profile. Using computational 
methods we investigated why the observed asymmetry occurs. We simulated 
SecY WT and its pore-ring mutants with a peptide (L3-4), which contains 3-leu 
near the pore-ring peptide. Analysis of water densities along the pores showed 
that mutation of the pore-ring residues to serine and glycine residues allows 
stabilization of more water molecules in the pore-ring region. Furthermore, 
simulations of the peptides, which contain 3-leu at various positions, in SecY WT 
and its pore-ring mutants illustrated the difference of hydration around the pore-
ring region. Our results suggest that the 3-leu cluster feels a more hydrophobic 
environment when they are located near the pore-ring. This situation leads to an 
increase in retention time for the peptides and causes less membrane integration. 
Consequently, experimental and computational findings indicate that the 
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hydrophobicity of the translocon pore has an important influence in the insertion 
of membrane proteins.  
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